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Let’s face the fact.. 


CONSTANT VOLTAGE IS YOUR PROBLEM 


When wide and violent voltage dis- 
turbances strike your equipment, 
do you realize what happens— 


—to costly filaments and tubes? 
—to precision parts? 

—to sensitive, balanced circuits? 
—to over-all efficiency? 

—to customer good-will? 


Constant Voltage is your prob- 
lem. You specify on your label the 
voltage at which your equipment 
will perform at peak efficiency and 
without damage. But, unless you 
provide that voltage as a “built-in” 


component it will never be con- 
sistently available. 


A SOLA Constant Voltage Trans- 
former can be “built-in” without 
saddling your equipment with pro- 
hibitive costs. In fact, there are 
many instances where it has been 
accomplished at an actual saving 
over original design estimates, 
through the elimination of other 
costly components and drastic 
reductions in anticipated service 
calls during the guarantee period. 


There are 31 standard types of 
SOLA Constant Voltage Trans- 
formers available in capacities 


Conilant Vollage 


LL A | TRANSFORMERS 


ranging from 10VA to 15KVA. If 
none of these prove suited to your 
requirements, special units can be 
custom-designed to your exact 
specifications. 


Write far Bulletin ACV-102 


Here you'll find the answer to 
a problem that confronts every 
manufacturer and user of elec- 
trical or electronic equipment. 


Transformers for: Constant Voltage * Cold Cathode Lighting » Mercury Lamps * Series Lighting « Fluorescent Lighting + X-RayEquipment + Luminous Tube Signs 


Oil Burner Ignition * Radia * Power + Controls + Signal Systems » etc. SOLA ELECTRIC COMPANY, 2525 Clybourn Avenue, Chicago 14, Illinois 
Manufactured in Canada under license by FERRANTI ELECTRIC LIMITED, Toronto 


eo radio communication for use by rail- 
roads was conceived several years ago,' it has not 
come into extensive use for several reasons, among which 
is the hesitancy to adopt any system until all adverse 
operating characteristics are 
eliminated. The Associa- 
tion of American Railroads, 
the radio equipment manu- 
facturers, and the Federal 
Communications Commis- 
sion, with the co-operation 
of the major railroads of the 
United States, have conduc- 
ted during the last few years 
very extensive tests of both inductive and radio carrier 
communications. These tests have been conducted 
under actual operating conditions by installations on 
regular established scheduled trains, and have formed 
the best possible basis for selection of a suitable com- 
munication system. 

The following is a symposium from the reports on 
these tests. 


The Atchison, Topeka and Sante Fe Railroad in June 1944 
conducted tests of end-to-end communication on a 3,500-ton 
freight train on a run from Bakersfield, Calif., to Chicago, Ill. 


Material for this article was obtained from the Association of American Railroads, 
New York, N. Y. 
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During the past few years many railroad com- 

panies have conducted extensive testsofinduc- 

tive and radio carrier communication systems. 

Excerpts from reports of these tests point out 

that these systems though not perfect are al- 
ready rendering useful service. 


For these tests a modified turnstile type of antenna was mounted 
on the top of Diesel locomotives and in the case of steam locomo- 


tives, on the top of the tender. An antenna of the same type was 
mounted on the roof of a business car attached to the rear of the 
train. The reception at both ends was unaffected in traveling 
over all types of terrains, in 
mountains, deep cuts, grooves, 
and under steel over-structures. 
Varying atmospheric conditions, 
including two rain and electric 
storms, were encountered during 
the 2,200-mile trip, but had no 
effect on the communication. 
The maximum distance of trans- 
mission of about two miles was 
accomplished at times when the 
engine was uncoupled from the 
train and moved to a roundhouse or to service tracks. Quality 
and volume of transmission was satisfactory at all times except 
for background noise from the equipment located on the steam 
engine which, while not desirable, was not sufficiently objection- 
able to interfere with transmission. 


The Denver and Rio Grande Western Railroad has 
conducted extensive tests of end-to-end and point-to- 
train communication in which radio was used on fre- 
quencies ranging from 30 to 2,700 megacycles. The 
following is part of the report to the Federal Communica- 
tions Commission, dated December 8, 1944. 


Despite the adverse conditions of terrain and extensive tunnels, 
the results of the tests to date are exceptionally encouraging. 
Early in the tests it became evident that the greatest source of 
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Inductive carrier station aboard a Seaboard Rail- 
way engine 


Figure 1. 


communication difficulties would be in the tunnel area, a 41 mile 
stretch, where the Rio Grande operates over the Denver & Salt 
Lake Railway line, starting 15 miles west of Denver and extending 
through the Moffat Tunnel. In this territory there are 30 tunnels 
varying from a few hundred feet in length to the Moffat Tunnel 
which is 6.2 miles long. 

In this territory due to the frequency of the taanes there are 
numerous times that either the locomotive or caboose, or both, 
areinatunnelatthesametime. It isin this extremely rugged ter- 
ritory with difficult operating conditions that the use of radio as 
a reliable means of communication would introduce an added 
factor of safety and materially aid in the handling of trains and 
expediting the movement of traffic. 

In conducting caboose-to-locomotive communication tests, 
there were attempts to use different types of equipment varying in 
receiver sensitivity, transmitter power, frequency, and method of 
modulation. All equipment is installed in freight service—one 
unit on a Diesel locomotive, the other on a caboose—and tests 
are made between front and rear of the freight train on the main 
line between Denver and Salt Lake City or some intermediate 
point. 


The Northern Pacific Railway conducted tests on 
radio equipment during August 1945, 


Although it was fully anticipated that some blind spots would 
be encountered due to curvature and foliage especially in moun- 
tain areas, the only dead spots we actually encountered were 
tunnels. Good communication was obtained everywhere except 
when one or both ends of the train were in a tunnel and in every 
case when the train was long enough or the tunnel short enough, 
communication was established around the tunnel as soon as the 
engine emerged and the caboose had not yet entered. 


On October 17, 1945, end-to-end and point-to-train 
communication tests using both inductive carrier and 
radio equipment were conducted on the Illinois Central 
Railroad between Freeport, Ill., and Waterloo, Iowa. 


Radio communication between the ends of the train could be 
effected at all times. As the train approached the radio station 
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station at a distance of approximately 40 
without success, At points between 19 and. 11 
the station could be heard intermittently, bu’ consist 

cation was not pessible. Good communication was esta pat 
a point about 11 miles from Jesup and maintained from tha point 


iy 


to about the same distance beyond Jesup. _ - i. 


As the train was approaching the Jesup station, sreyes 
were made for a special test as follows: 

The station at Jesup was directed to transmit continuously for 2 
a considerable period. The radio station on the locomotive was 
directed to transmit also. 
receiver on the test car at the rear end of the train to determine 


the effect when the signals from the Jesup station and those from — 


the locomotive reached approximately the same intensity at the 
test receiver. Results were as follows: 

As the rear end of the train passed the Jesup station, and for a 
distance of a mile or two beyond that point, the Jesup station 
maintained control of the observation receiver, and no signal or 
interference was heard from the radio transmitter on the loco- 
motive which was about 3/4 mile ahead of the test car. At a 


_ point somewhere between one and two miles from the Jesup sta- 


tion the transmitter at the front end of the train took over control 
of the receiver. This was accomplished without any appreciable 
flutter or presence of both signals. The train, during this test, 
was moving at a fairly rapid speed. Although this test was very 
limited in scope, it seems probable that, in the case of a train 
moving at normal speeds, the area in which communication would 
be obscured by flutter because of approximately equal signal in- 
tensities received from two wayside stations will probably not be 
great. 


During April 1945, the Texas and New Orleans Rail- 
road Company conducted tests on the inductive type of 
communication, on end-to-end, point-to-train, and 
train-to-train very-high-frequency radio communication. 


The first train started from E] Paso, and made a run with ton- 
nage freight to Valentine (161.5 miles east). On this trial run it 
was expected that satisfactory communication would be obtained 
at all times between the locomotive and caboose and with a 
fixed station whenever the train was not more than ten miles dis- 
tant. The distance that the train did communicate with the sta- 
tion varied and under favorable conditions contact was made up 
to twenty miles between the train and one of the fixed stations. 
For this test the first train left Valentine for a return run to E] Paso 
and the second train left E] Paso for Valentine, it being the inten- 
tion to test the radio equipment between two trains approaching, 
meeting, and leaving each other. The first satisfactory contact 
between the two trains was established when the trains were about 
six miles apart and was maintained continuously until the trains 
met and were again about five or six miles apart. The terrain 
between El] Paso and Valentine is generally mountainous, the rail- 
road usually traversing the low portion between high hills and 
mountains which affords a very severe test of radio equipment of 
the frequency used because of the general line of sight character- 
istics at this frequency. 


The Seaboard Air Lines Railway conducted a test 
run in 1944 between Richmond, Va., and Savannah, 
Ga., using inductive equipment. 


Transmission was loud, clear, and of good quality. When pass- 
ing a 110-kv power line no interference was noticed. 

No difficulty was encountered in going around curves, through 
cuts, and so forth, At one time the train passed through a steel 
truss bridge with steel members on the bottom side and top. This 
did not seem to affect transmission in the least. 
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Observations were made on the radio 


’ ' it c \ 


An inductive radio test was made on the Southern Pacific 
in 1944 from moving train to fixed stations and from head to rear 
end, in which a 73-car freight train was operated over a distance 


_ of 180 miles. This train originated at Roseville, Calif., and ran 


through to Fresno. When running in parallel to the telegraph 
line carrying the Western Division wires we were able to com- 
municate from moving train to Stockton (42 miles). The volume 


_ and quality improved as the train proceeded to Stockton; however, 


it was audible and understandable at all times. The country 
through which we traveled was flat and level and telegraph line 
varied in distance from center line of the track from 50 to 300 feet, 
but the greater portion of the line averaged about 50 feet from 
center line of the track. The maximum distance that we talked 
from moving train to fixed station was some 70 odd miles. The 
test was quite satisfactory in every respect. We experienced some 
slight interference where wig-wags were operating in yards, but 
these noise levels did not interfere with the voice to the extent that 
it could not be clearly understood. 


The Chicago, Milwaukee, Saint Paul, and Pacific 
Railroad, during December 1944, conducted tests of end- 
to-end and point-to-train communication using the 
inductive system. 


Diesel locomotive and a mail and express car were equipped 
with mobile sets. At the Beloit Division office a similar set was 
installed. 

On the westbound trip communication was carried on with 
Beloit satisfactorily from about 50 to 60 miles east to about 20 to 
30 miles west of that point. Eastbound the range was from 30 
to 40 miles west to 60 mileseast. Electrical interference attributed 
to the auxiliary and main generators of the locomotive interfered 
seriously with the reception on the locomotive at certain engine 
speeds and loads. The effect of this interference was to render 
two-way communication practically impossible. The applica- 
tion of filters to certain parts of the locomotive electrical equipment 
is planned. 


The New York Central Railroad during April 1945, 
conducted tests of end-to-end and point-to-train induc- 
tive carrier communication. 


These installations operated on 175 kc, employing frequency 
modulation. Loudspeakers were provided for calling and hand- 
sets for talking and listening although both the handset 
receiver and loudspeaker could be used simultaneously by depres- 
sing the handset hook. 

Transmission between all fixed stations was of good quality, 
quiet, and of ample volume. Communication between the mo- 
bile units was also good except that when wayside wires were below 
track level communication, particularly to and from the engine, 
was noisy. On one test when the engine was uncoupled from the 
train communication between engine and caboose was carried on 
over a distance of six miles. Communication between the mobile 
units and fixed stations was also satisfactory; the maximum dis- 
tance over which such communication was attempted was 27 miles, 


INDUCTIVE COMMUNICATION 


Inductive train communication consists of communi- 
cating between mobile units (locomotives and cabooses) 
and between mobile units and fixed stations by means of 
carrier currents which are superimposed on the usual 
telegraph and telephone wires which parallel the right 
of way. Communication is by telephone, two-way, 
usually simplex operation, and as far as the user is con- 
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cerned is similar to radio. One or more than one chan- 
nel can be provided. It in no way interferes with the 
normal use of these telegraph and telephone wires. — 

For mobile units coupling is usually obtained by means 
of vertical plane loop antennas in line with the track. 
On transmitting, these loops are energized with the 
carrier frequency modulated by the voice signals, and 
induce, by electromagnetic induction, such currents _ 
longitudinally into all wires on the pole line. Thus 
these induced currents flow in all wires and appear as a 
voltage between all wires and ground. On receiving 
the carrier currents flowing in the line are induced into 
the loop. Some systems use the same loop for both 
transmitting and receiving, others use a separate smaller 
loop for receiving, and if there are two channels, use a 
separate receiving loop for each frequency. 

At the fixed station the set is connected between ground 
and one or more wires on the pole line through a coupling 


unit, which consists essentially of small capacity con- — 


densers. While coupling is usually made to one wire, 
or to the two wires of a telephone circuit only to keep 
the pair balanced for telephone service, the capacity 
between wires on the pole line for these high frequencies, 
makes this essentially coupling to all wires on the pole 
line. Tests have indicated there is no advantage gained 
coupling the way station to more than one or two wires. 

On some tests the coupling on mobile units has been 
made by means of a capacity-type antenna, and cou- 
pling to the line wires obtained by electric induction. 
However, for transmitting the loop antenna has become 
almost universal, while the capacitance-type antenna is 
used in some cases for receiving. 

Certain of the earlier systems used the upper side band 
of a 5,700-cycle carrier. Amplitude modulation at 75 
and 80 kc has been used and frequency modulation from 
70 to 200 kc. The usual frequency modulation devia- 
tion ratio used is one-to-one, which occupies a band about 
6 ke wide 3 kc above and below the carrier frequency. 
Manufacturers state that they can supply equipment to 
operate from 50 kc to 250 kc, and apply frequency modu- 
lation. 

Frequency modulation, and the use of the higher car- 
rier frequencies, has the advantage of reducing extrane- 
ous noise. 

By far the greatest loss is the coupling loss between 
the mobile units and the pole line. It will increase with 
the separation of the pole line from the track, and if the 
pole line is above or below the level of the antenna on the 
mobile units. The coupling loss is less the higher the 
frequency. Data are very meager and because of the 
large number of variables would be difficult to set up. 
Data obtained from one manufacturer, at 170 kc, show 
the coupling loss between one mobile unit and the pole 
line to be between 25 and 45 decibels for separations 
from 30 to 200 feet. 

The coupling loss between the fixed station and the 
line is practically zero. 
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dec 


_ sheathed or underground cable. 


increase 

Green Enea vale given were 0.4 0.4 de 
mile at 70 kc and 0.8 decibel per mile at 170 ke, al- 
though on some lines it has ‘measured as high as 1.2 
bels per mile. It will be increased to a ‘certain e ex- 
tent by the presence of iron wire and Coded taps, par- 
ticularly if these bridged taps are long and go into lead- 
The effect of bridged 
taps can be eliminated by the use of blocking filters and 
in some cases this may be necessary. a 

The Kansas City Southern Railway demonstrated the 
use of carrier telephone equipment on June 21, 1944. 


The system is a carrier system and 80 and 175 kc were used in 
operation. The system extends from Kansas City, Mo., to Shreve- 
port, La. (560 miles). At present one engine and two cabooses 


are equipped. Shortly it is expected five engines and five cabooses 


will be equipped. There are 17 fixed stations along the line 
from two to 62 miles apart. The system is used for station to 


station, station to train, and front to rear end communication. 


The carrier is superimposed upon a telephone pair which, in 


‘addition, provides a voice channel, one simplex telegraph chan- 


nel, and a 22-ke telephone and telegraph carrier system, the 
latter providing one long distance telephone and two 2-way tele- 
graph channels. 

The set on the engine is connected to a 1 loop consisting of seven 
turns of number 12 copper wire. During the test the loop used 
was mounted on top of the tender in a vertical plane and was ap- 
proximately six feet high and 12 feet long. At other times a 


loop arrangement had been tried on the engine consisting of one 


turn on each side of the boiler. The top wire was supported about 
one foot away from the boiler and about on a level with the sand 
dome. The bottom wire is just below the runway. These two 
loops, one on each side of the engine, were connected in series to 
give the effect of a 2-turn loop. 

So far as reception and transmission are concerned, either ar- 
rangement appeared to work satisfactorily. 

The loop on the caboose consisted of four turns. All four turns 
were carried across the top of the caboose in the center. On the 
bottom two of the turns were carried on each side and just below 
the framework of the caboose. 

The transmitter output of 75 watts at carrier frequency is fed 
into the loop of either the engine or the caboose. 

The system operates from the fixed station by inducing a mag- 
netic field around the paralleling wire line which cuts the turns of 
the loops on the moving equipment and induces voltages therein. 
These voltages feed into the receivers on the moving equipment. 

On the moving equipment the transmitters circulate currents 
through the loop and these currents generate magnetic fields which 
in turn cut the wire line and induce voltages therein. At the 
fixed station these voltages act directly on the receiver. They also 
produce current in the paralleling line wire and this current gen- 
erates a second field which interacts with the loops on other units 
of mobile equipment. 

The arrangement between fixed station and mobile equipment is 
somewhat analogous to a 2-winding transformer. The arrange- 
ment between mobile units is somewhat analogous to a 3- 
winding transformer, winding number 1 corresponding, say, 
to a caboose, winding number 2 to the paralleling wire line and 
winding number 3 to the equipment on the engines. 

One company has advised that they have found that when the 
loops are oriented in the vertical plane they provide the most 
efficient transfer of energy to the wire line when the latter is cen- 
tered and perpendicular to the loop. For a satisfactory transmis- 


sion the wire line should be not more than 125 feet away from 
the track. 
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4. Air-bourne Ps ae rs ie Beha unit om 
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A number of antenna et elgeacentt have b De 
vertical quarter wave to ground, vertical folded di Sa Z or 
polarized dipole, J type with matching stub and cot 
capacitance, and an array composed of a driven vertical q qu 
wave with a parasitic reflector and director, = = — 

_ The 60-watt frequency modulation condi eue cj pee ean 

very satisfactory everywhere except in the Moffat Tunnel. The test <i 
was conducted on a freight train, caboose-to-locomotive two- \ 
from Denver to Salt Lake City and return. We did not encounter 
any noise or interference from man-made static. No fading, " 
flutter or distortion was noticed throughout the trip. The 15-watt a 
phase-modulation experimental unit was a one-way, locomotive-_ 
to-caboose test, mounted on a freight train, and tested from Denver 
to Salt Lake City. It was possible to hold conversation in one — 
direction, but as the system of testing had to be interrupted, it was 
not deemed advisable. Field strength was measured at the re- 
ceiver and a continuous wave audio note was modulated on the 
carrier for the benefit of a loud speaker in the caboose. Because 
of a radio equipment failure, and the brief time the equipment 
was available to us, no test was obtained in the “shelf” area where 
the track runs for some distance on the side of a mountain with no 
mountains or other possible reflecting surfaces on the other side 
of the track. It is possible that this area could give trouble at 
this frequency. No flutter or distortion was apparent. Fading, 
of course, was registered on the meter, and in a few cases went 
below the level where the automatic voltage contro] could main- 
tain normal speaker volume. Im one case, with the locomotive 
in a tunnel, the signal died because of lack of reflecting surface. 
It is thought that a parasitic reflector could be used to re-radiate 
the wave. An interesting fact was that radiation was more 
effective in the six mile long Moffat Tunnel than out of it, the tun- 
nel apparently acting as a wave guide. No flutter or distortion 
was apparent throughout the test. 

The 25-watt frequency-modulation repeater equipment did not 
perform in any of the tunnels, and in some cases we had trouble 
obtaining enough volume in cuts, canyons, and so forth, to properly 
operate the speakers. ‘This trouble was no doubt due to the fact 
that this equipment uses such a low-grain receiver. No flutter or 
distortion was evident except when we used a horizontally polarized 
dipole antenna. No noise or interference from man-made static 
was encountered. All tests with this equipment were conducted 
on a freight train, engine-to-caboose, two-way between Denver 
and Grand Junction, Colorado. 

The air-bourne units are now being tested in freight service, en- 

gine-to-caboose two-way between Denver and Grand Junction. 
No reception has been obtained in the tunnels, consequently giving 
us very poor service in the tunnel area. The only time interference 
is noticed is when the units are in close proximity to motor cars, 
probably due to the magnetos used for ignition. Under this con- 
dition some flutter becomes evident but the signal is still intel- 
ligible. 

In comparing the signals received by the different units, the re- 
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ELECTRICAL ENGINEERING 


ceivers used in each case must be considered. The sensitivity of 
all the receivers used is of the order of three microvolts for a ten 
decibel signal-to-noise ratio, except in the case of the 25-watt 
repeater units which have a rather low gain. 

In the case of the antenna experiments, the best results to date 
have been obtained from the use of the J type and the quarter- 
wave vertical to ground. We do not consider the horizontal type 
of antenna satisfactory for this type of radio communication. The 


Table I. Railroad Radio Authorization by Federal Com- 
munications Commission (to July 15, 1946) 


Railroad Transmitter Location Nature of Installation 
The Atchison, Topeka and. . Chicago, Ill............... Yard—fixed station 
Santa Fe 
San Francisco, Calif.........Yard—fixed station 
(Portable and portable-..14 stations 
mobile) 
Chicago; POT, ereets o octessie Fixed station 
The Baltimore and Ohio. ..Newcastle, Pa............ . Yard—3 units 
Chicago, Burlington and. .Chicago, Ill............... Yard—fixed station 
Quincy 
(Mobile) Behe. oo. s Secase Train stations—30 units 
Chicago, Milwaukee,. .(Mobile)...............5 Train stations—15 units 


Saint Paul and Pacific 


Chicago, Rock Island and..(Portable and _portable-. . Experimental 


Pacific mobile) 
(Portable)rt...06 «cies sc Train stations—7 units 
(Partableyin. sate create sc Yard and Terminal 
(Mobileyic aiachsdh chjaatee 14 units 
(Mobile)ss notes: tee chucks ero Train stations—20 units 


The Denver and Rio..(Portable and _portable-.. Experimental 


Grande Western mobile) 
(Mobile ner: cane sce Train stations—32 units 
Denver Colo. ites. sige ales a Yard and terminal—fixed 
station 
NIG Ee) occ ateteicice ole Yard and_ terminal—7 
units 


Florida East Coast Rail-..Buena Vista Railway..Yard and terminal—fixed 
way Company Yards, Miami, Fla. station 


(Mobile) Piro scr ior oieisho « Yard and terminal—11 
units 
Gulf, Mobile & Ohio...... Meridian} Miss... <0...» =< Yard & terminal—fixed 
staton 
Jacksonville Terminal..Lee St. Tower, Jackson-. .Terminal—fixed station 
Company ville, Fla. ; 
Myrtle Ave. Tower, Jack-. .Terminal—fixed station 
sonville, Fla. \ 
(Portable-mobile in vicin-. . Terminal stations—12 
ity of Jacksonville) units 
Missouri Pacific Railroad. .(Mobile)..............++: Train stations—32 units 
New York Central........ Cheektowaga Township,. . Yard—fixed station 
Nees. 
Bethlehem Township, . . Yard—fixed station 
NESS 
- Manlius Township, N. Y....Yard—fixed station 
(Portable and _ portable-. . Yard—24 stations 
mobile) 
(Portable and _ portable-..Yard—12 stations 
mobile) 
Hammond, Ladies jac jercjell es Yard—fixed station 
(VEG Dre ete sreeare ol vers (ateketasiets Yard—5 units 
Northern Pacific Railway. .(Mobile).............0005 Train stations—5 units 
Company 
Pere Marquette Railway..Grand Rapids, Mich....... Train Station—fixed 
Company 
UNfabile) sewers tots tjaeiots| one Train stations—5 units 


..,. Yard and terminal—fixed 
station 

PIAMUeR ENG Cie ne eee ss Yard and terminal—fixed 
station 

(OMS SH er es a do eanomoona Yard and terminal—fixed 

station, 15 mobile units 


Seaboard Air Line Rail-..Hamlet,N.C......... 
road Company 


Union Pacific Railroad..Fairfax Railroad Yard,..Yard and terminal—fixed 


Company Kansas City, Kans. station 
(fae) Pithetart« scakisetecets Yard and terminal—16 
units 
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other types of antennas used varied somewhat in the signal strength 
received, but no harmful effects were noticed. 


’ 


Train radio tests were conducted on the New York, New Haven, 
and Hartford Railroad in the period September 12 to Decem- 
ber 15, 1944, utilizing frequency modulated equipment operating 
at a frequency of 30.66 megacycles. Three sets were constructed. 
In its final form, each set of equipment consisted of a transmitter, 
a power supply, and a receiver, shock mounted in a dust-tight 
weatherproof steel housing. A handset microphone of the push- 
to-talk type was used in each transmitting station. Voice recep- 
tion was by either the handset or a loud speaker, the loud speaker 
serving to announce the initiation of a call. 

The two mobile stations had an output cf 30 watts each and the 
fixed station 60 watts. 

The antennas on the mobile equipment were in the form of a 
U-shaped pipe railing mounted on the tender just behind the coal 
pile and on the caboose roof alongside the cupola. In all cases 
the antenna was entirely within the clearance limitations of the 
equipment and was effectively grounded to provide protection 
from possible accidental contact with overhead trolley wires in the 
electrified territory. For the fixed station, an antenna in the form 
of a large ring located on top of a grounded steel pole was used. 

It was found that the range of the radio equipment was not 
fixed. It varied with the height of the antenna, condition of ter- 
rain, and other factors which caused shielding of the radio signal. 
However, based on tests at several locations, it was found that 
satisfactory operation could be obtained between the fixed station 
and mobile units up to distances of approximately 10 miles and 
between mobile units at separations up to approximately 5 miles. 


RELAY SYSTEMS 


It is likely that radio relay systems will find applica- 
tion in the railroad communication field where there is a 
sufficient volume of traffic to justify the cost of installa- 
tion or where unusual conditions cause frequent inter- 
ruptions to continuity of service rendered by wire lines 
and the cost of maintenance of such lines is unusually 
high. It should be pointed out, however, that it now 
appears the cost of radio relay systems will be so high 
that they probably cannot be economically justified ex- 
cept in situations where they can be operated with fairly 
heavy loads. 

In the railroad field it appears that there may be a 
possibility of operating relay systems in conjunction with 
train-to-point radio systems where it will be possible to 
utilize common equipment for power supply, antenna 
supporting structures, auxiliary power units and housing 
facilities, which will tend to make for more economic 
installations of both types of equipment and may make 
possible the utilization of radio relay links under condi- 
tions where traffic loads would not ordinarily justify 
such installations. 

So far as is known, the only railroad installation to date 
of point-to-point communication by use of ultra-high 
frequency is an experimental link set up between Kansas 
City, Mo., and Topeka, Kans., by the Rock Island Lines. 


EQUIPMENT 


As a result of the subject tests equipment designed for 
railroad use in the 158-162-megacycle band has been 
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developed - several manufacturers. speaeeent used 


in the earlier tests was police, aviation, and military radio 


equipment adapted for test use in connection with rail- 
road operations. As might be expected some failures 
of this equipment occurred. Attempts have been made 
in the new equipment to eliminate the weaknesses ex- 
posed and develop rugged equipment capable of de- 
pendable operation in railroad service. One require- 
ment made clearly evident by the tests was the need for 
sensitive receivers in order that satisfactory communica- 
tion may be obtained where mountains, deep cuts, or 
foliage, may cause severe attentuation of received signals. 


Table II. Induction Installations 


Date in Type 
Service Railroad Equipment 
Mary 1937s ii viakie.s ax ost iiptant = Bessemer and Lake Erie........ .2-way 
Mar. 1940 
MORAL OS 0 ergo hes sin ots esr tee Cleveland, Cincinnati Chicago 
and'SaintLouisa.c 5 seo) no 1-way 
Nays O43 Seen na ate so ohana sie Chicago, Burlington and Quincy... 1-way, 2-freq. 
War 1 4A oats checcpsstteien, bere pel Chicago, Burlington and Quincy...1-way 
May 1943 ire. seckcs oteek cee Great 'Northernis'si.5 0055 R eens 1-way 
Octy1940 ae opie nares seinterects Louisville and Nashville.......... 1-way 
TSE VD he oe eae eee Norfolk and Western............ 2-way 
Mare ONS eter stale © ats, bes facts Pennsylvania Railroad........... 1-way, 2-freq. 
1a yrah U2 i 6 aan ee ene on Pennsylvania Railroad........... 2-way 
NOV O40 FFE coaike cas eee Pennsylvania Railroad........... 1-way 
May 1942 
A petites I Oe ae Seer Pennsylvania Railroad........... 1-way, 2-freq. 
Iw AS TO VS dotee co ounk Soeeres Pennsylvania Railroad...........1-way 
MYA DAS er chat sa each sarees 8 Pennsylvania Railroad.. ....1-way 
Bug 1944 Vici scccizs eg 2G 2 oe Pennsylvania Railroad. . -....2-way 
Webi 94S ers sn cies woke es ey sly: Terminal Railroad Association 
of Saint Louisa, 05-2220 ens 1-way 
Kansas City Southern Railroad... .2-way 
(Proposea)ir ya. tora cence soe. Atlantic Coast Line............. 2-way, 2-freq. 
(Broposed) jai. oie. ote sictsie ry hald.cteve Chesapeke and Ohio............. 2-way 
(CESOPOSEG) aia. Me 0!c%= others) ots itis xc 2G Pennsylvania Railroad........... 2-way, 2-freq. 


Adequate automatic control of receiver output volume 
is another important requirement. 

The latest transmitting equipment developed for this 
service generally has a power output of from 5 to 50 
watts, radio frequency range of 152 to 162 megacycles, 
audio frequency range of 300 to 3,000 cycles, and is usu- 
ally designed for use with 52- or 72-ohm loads. 

The inductive carrier equipment, having been under 
development for railroad use over a longer period, has 
been standardized to a greater degree. Power output 
of this equipment is uniformly 5 watts for wayside sta- 
tions and 50 watts for mobile stations, employs carrier 
frequencies between 88 and 175 kc, and frequency modu- 
lation with a 1-to-1 deviation ratio. 

Radio equipment used in the various tests employed 
both amplitude and frequency modulation. It was 
found during these tests that noise from electrical sources 
caused very little trouble in reception of signals above 
150 megacycles. While it was apparent that frequency 
modulation resulted in greater exclusion of interference 
from other stations on the same frequency, and with 
amplitude modulation heterodyne interference occurred, 
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tapers or eee | 
Little saa has sie experienced in 


ti eoear the 
Operation ofa 


carrier aoe 
minimum of external controls. 


talk” button on the microphone is the only control used “% 


in normal operation of the equipment. 

The main problem in connection with ariterinallt 
both radio and inductive carrier has been to develop 
efficient antennas for mobile use within the limitation a 


to height imposed by the railroad clearance pattern. On _ 


frequencies above 150 megacycles horizontal antennas 
caused variation or ‘flutter’ in the received signals. 
Consequently most radio antennas for mobile service 
have been vertical quarter-wave or variations thereof. 


‘The most used variations are top loaded vertical anten- 


nas, usually with a ground plane of the cartwheel type, 
and modifications of the coaxial type of antenna. 

Fixed station antennas, although uniformly vertical, 
have varied rather widely in other respects. Some direc- 
tional arrays have been used in attempts to extend the 
range of point-to-train radio communication. Con- 
siderable development work must be done in connection 
with fixed station radio antennas. 

In inductive carrier communication, loop antennas, 
oriented in a vertical plane parallel to the tracks, have 


been used almost entirely. The particular form of loop ~ 


varies, sometimes being entirely insulated from the mobile 
unit on which it is installed and sometimes being con- 
nected to the unit in such a manner that the output is 
fed inductively into the rails. 

In end-to-end communication adequate volume and 
quality of signals have been maintained in the various 
tests with the exception of a few isolated instances where 
some flutter occurred in territory including deep cuts 
and foliage. The tests have indicated that radio com- 
munication in the 158-162 megacycle range fails in 
tunnels although some efforts have been made toward 
development of methods of overcoming this difficulty. 
One test involving tone-modulated . 2,660-megacycle 
equipment was successfully received through the 6-mile 
Moffat tunnel but failed in a shorter tunnel because of 
lack of reflecting surfaces. 

Inductive carrier communication in end-to-end service 
has been equally successful except where wayside wires 
are too far from the track or too far above or below track 
level. The maximum permissible distance between 
wayside wires and track averaged 200 feet. Greater 
attenuation was noted when wires were below track level 
than when considerably above track level. 

Good communication over distances of approximately 
5 miles by radio and approximately 15 miles by inductive 
carrier was obtained in end-to-end and train-to-train 
service. In point-to-train service the average distance 
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was 12 miles for radio and 50 miles for inductive carrier. 
Results of the tests show that line-of-sight conditions are 
generally necessary for reliable radio communication in 
the 158-162 megacycle band, although in some cases 


communication ranges well beyond line-of-sight are 
realized. 


USES 


End-to-end communication saves substantial amounts 
of time on many operations. Radio communication is 
not reserved for emergencies, but is used extensively in 
normal operations. For example 


1. The engineer may be notified when proper train line pressure 
has been reached at the rear of the train. 


2. The engineer may be notified as soon as the rear of the train 
clears crossovers and switches, thus permitting full speed sooner 
than would otherwise be possible. 


3. Increased efficiency may be obtained in detecting and remedy- 
ing hot boxes. 


4. The engineer may be notified of the flagman’s return to the 
train, thus saving time and eliminating uncertainty. 


5. Control of Diesel-electric locomotives may be facilitated 
through more effective co-ordination in manipulating controls. 


6. Unusual conditions may be discussed by the conductor and 
engineer. 


7. The engineer may be advised of the time to start and stop at 
specific points. 


8. The engineer may be advised of sticking brakes. 


9. The conductor may advise the engineer to stop the train, thus 
avoiding hazards incident to application of air from rear of train. 
(Application of the airbrakes from the rear of the train, which 
might be necessary were it not for radio communication, may part 
the train and cause delay to other trains.) 


10. The engineer may advise the conductor where water is to be 
taken, when a train to be met isin clear on the siding, or when diffi- 
culties develop with the engine. 


11. The conductor may advise the engineer when the rear of the 
train is nearing switch so that the train may be stopped close to 
switch to pick up the trainman after lining the switch. 


12. The conductor may advise the engineer when the brakes are 
released on the rear of the train. 


13. The conductor may advise the engineer when to stop the 
train to spot cars to be loaded, unloaded, or re-iced. 


14, The conductor is often able to notify the engineer when fire 
is dropping from firepan. 


15. The engineer may notify the conductor of the indication of 
train order and interlocking signals. 


16. Ifthe train should break in two while in a siding the conductor 
may instruct the engineer as to the proper handling to couple. 


17. If the conductor should miss a message handed up at a sta- 


‘tion, the engineer may read him the contents from his copy, or 


vice-versa. 


Numerous advantages are also available from point-to- 
train communications. 


1. The dispatcher may advise the train on what track cars are 
to be set out before the train arrives. 
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2. The conductor may advise the dispatcher when a train he 
is meeting leaves a station. 


3. The dispatcher may inform the conductor of unscheduled 


train and designate the nearest siding. ' 


4. The dispatcher may tell the crew what work is to be done when 
they arrive at station. 


5. The conductor may advise the dispatcher of low steam and 
delay in schedule. Necessary orders may then be issued and 
repeated, ¥ 


6. The dispatcher may advise the train where to wait to avoid 
being delayed by an opposing train. 


7. The conductor may advise the dispatcher that the train has 
broken in two and is delayed. 


8. The conductor may advise the dispatcher when the train has 
departed. 


The Denver Rio Grande Western Railroad reports 


that radio communications aided them on their test 
run. 

In one case, the radio train approached Grand Junction from the 
east and learned that the yards were congested. There are two 
ways of entering Grand Junction—one on the main line, and one 
from the south with switches from the main line about a mile and - 
a half east of the main line entrance. The latter route leads to 
the east (or storage) yard, which is used for train handling only 
when the main yard is congested. The usual method of handling 
this situation is for the head end brakeman to walk back to the 
caboose and inform the conductor of the situation, and then return’ 
to the middle of the train to relay the hand signals from the 
rear to the front. The train is then backed up 11/, miles 
into centralized traffic control territory to clear the switch which 
will take the train into the yards on the alternate route. This 
takes considerable time because of the walking involved and the 
caution with which the train must be moved back. In the case 
of the radio equipped train, the engineer informed the conductor 
immediately of the condition in the yards, the conductor ordered 
the train to back up, and he called signals over the radio. It is 
estimated that the radio saved about an hour and 15 minutes 
in handling the situation, besides avoiding the possible detention 
of any other train that might have been close behind. 

On another westbound trip the centralized traffic control headed 
the train into the passing track at DeBeque, Colo. There was a 
broken rail between DeBeque and Akin and the dispatcher al- 
lowed trains to proceed on a permissive card only. We filled the 
passing track at DeBeque. There were four passenger trains be- 
hind us, and they could not proceed to Akin without ‘“‘sawing’”’ by 
the congested passing track. The dispatcher asked us to break 
our train and put the front half on a stock track adjoining the pass- 
ing track so he could send the extra train at Akin to occupy our 
track with us. This would allow a clear track at Akin for the four 
passenger trains to go through. This was a complicated move 
and as our orders came from the telephone near the head end, the 
information had to be relayed back to the conductor on the ca- 
boose. His acknowledgment was received and instructions as 
to how to handle the cut given by him. The move was made 
without the conductor having to leave the caboose. No walking 
was involved except for the head brakeman to walk back 20 
cars to effect the cut. The trainmen suggested that in this case 
probably an hour’s time was saved by the use of the radio. 
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FREDERICK L. HOVDE 


Y AUDIENCE TODAY is composed of scientists, 
engineers, educators, and executives, all of whom 
are concerned professionally with that special and highly 
useful branch of science called “‘electronics.’’ You are 
met to discuss the fate of this science, to speculate on its 
future, to discuss its problems, to exchange information, 
and to make plans enabling your science to increase its 
service to society. 

Such conference objectives are laudable and worthy 
of your time and attention as active scientists. But 
you are also well-educated 
and responsible members of 
a society whose welfare de- 
pends primarily on how 
wisely it is governed and 
how well it uses the fruits of 
your work. Here is a prob- 
lem far more important and 
far more difficult than any 
technical problems you will 
discuss in the conference ses- 
sions which follow. 

This problem must, I be- 
lieve, receive your constant 
and serious attention; other- 
wise your scientific labors 
will be wasted—even worse, will be used to destroy a civi- 
lization potentially finer than any in the past because 
man at long last has the power to control the forces of 
nature. Highly doubtful, but more important, is the 
question of whether or not man has the power and will to 
control himself. 


UNION OF SCIENCE AND POLITICS 


Sigmund Freud, the great Viennese scientist, founder 
of psychoanalysis and contributor to modern psychiatry 
and psychology, once remarked that man had three im- 
possible tasks—namely, to educate, to govern, and to 
heal. This pessimistic observation is uncomfortably 
near the truth, as a little reflection on the history of man’s 
progress with these tasks will show. 

We cannot, however, accept Freud’s dictum. To 
accept defeat before the battle is to be defeated for sure. 
We must continue relentlessly with all the genius and 


Full text of an address presented at the National Electronics Conference, Chicago, 
Ill., October 3-5, 1946. 
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Originally presented as an address before 
the recent National Electronics Conference 
in Chicago, this article considers one view- 
point in the current controversy over the 
question of government support of scientific 
research. The author takes his stand on the 
side of federal promotion of science, provided 
the policy to be pursued is both scientifically 
and politically acceptable. 
some readers will take issue with him. Truly, 
here is food for serious thought, and potential 
for extended debate. 
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hard work at our command to attempt the solution of 
the problems of educating, governing, and healing. Even 
if Freud was right, we must continue our search for the 
answers. The intellectual and spiritual activity in- 
volved is, by its very nature, justification enough. 

In the title of this article I have coupled the words 
“science” and “‘politics.”” These bedfellows are stran- 
gers. Some of you may think that they are incompat- 
ible, and, therefore, not likely to produce much. What- 
ever your thoughts about this union, they are joined 
together for better or for 
worse in both our na- 
tional and our international 
life. The scientist is per- 
haps more surprised than 
the politician, who long has 
been used to strange bed- 
fellows. In preparing these 
remarks I thought not only 
of the commonly accepted 
meaningsof the words of my 
title, but also of their dic- 
tionary definitions. In Web- 
ster’s dictionary you will 
find that “science” comes 
from the Latin word meaning 
ane its definitions is ‘accumulated and 
accepted knowledge, as of principles or facts, systemized 
and formulated with reference to the discovery of general 
truths or the operation of general laws.’? The word 
“politics” comes from the Greek word meaning “citi- 
zen.” Webster gives its meaning as “‘the art of govern- 

the theory or practice of managing affairs of 
public policy or political parties.” 

If we accept these definitions (and Webster is hard to 
improve upon) then our bedfellows are not so incompat- 
ible. Indeed, one wonders why it has taken them so 
long to court each other. Actually they are not incom- 
patible—they have lived together in separate worlds 
and just had not been introduced to each other. Never 
having been introduced, they could not be expected to 
understand each other. 

It took World War II to introduce them. For the 
first time in the history of the world, there has been a full 
partnership between the government and the forces of 
science and technology. This partnership revolution- 
ized military strategy and problems of national defense. 


Undoubtedly, 


“to know” 


ment; 
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The fruits of this partnership now are known to every- 
one. They include radar, rockets, jet-propelled air- 
craft, guided missiles, proximity fuses, and, of course, the 
acme of all destructive weapons, the atomic bomb. In 
all of these, your science of electronics is concerned. 
Further knowledge in the fields of chemical warfare and 
bacteriological warfare is certainly hidden in our labora- 
tories. The war through which we have just passed 
was indeed a total war, for even the psychologist and the 
economist played important parts and put their. knowl- 
‘edge to use in the conflict. We saw the results of care- 
fully planned and well-organized operations in both 
psychological and economic warfare. Fortunately, al- 
most all the scientific developments of war are useful for 
the peace. The same knowledge that can be used so 
effectively to destroy can be used also to build. 


FRUITS OF THE UNION 


Even in peace, man is constantly at war. There is 


the urgent and ceaseless war against disease, both physi- 


cal and mental; the war against the insect world; the 
war against the forces of nature; the battle against 
hunger. We fight constantly against our social sick- 
nesses of racial discrimination and disrespect for law 
and order, and against ignorance and the abuse of 
power. Our success in the constant warfare of peace 
depends, in my opinion, primarily upon how well we 
utilize our scientific resources—how well the partnership 
of knowledge and man, or science and politics, is joined 
in the battle. 

The men of science and the knowledge gained through 
their researches have not been partners or participants 
in the art of government. That art traditionally, and 
quite properly, belongs to the politician. It should con- 
tinue to belong to the politicians, for they are essential in 
any government, but they should be strengthened by the 
scientists and the knowledge gained by their methods. 

The scientist has chosen to be a specialist. His work 
is so demanding that he cannot assume formal political 
and social responsiblities: ‘The demands of the labora- 
tory and the nature of his work have made the scien- 
tist somewhat inaccessible. Furthermore, there has 
been a lack of understanding of scientists and their work, 
as well as a patronizing attitude toward men of science 
on the part of many men of affairs, an attitude that has 
prevented the union of these two groups and thus has pre- 
vented our society from receiving the full benefit of their 
joint talents. 

The achievements of science under the awful pressure 
of war have increased the public awareness of the re- 
sources of science and its enormous potentiality for the 
betterment of our lives. The explosion over Hiroshima 
blasted everyone—scientists, politicians, and plain citi- 
zens—into thinking about science and its implications 
for the future of the world, not only in terms of better 
things, but also in terms of a better political, social, and 
economic world. 
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During the past year, no citizen has thought harder 
or worried more about the implications of science and : 
technology than has the scientist himself. He, there- 
fore, emerged from the laboratory into the political world 
to try to explain to the politician what science is, its con- 
ditions for healthy growth, and how it should be sup- 
ported and utilized for public good rather than for the 
destruction of our world. 

_ The task of explaining their views to the political public 
proved to be arduous and exasperating, but enlightening 
also, to the many scientists who took the plunge. The ef- 
fectiveness of the scientist’s attempt to influence public 
opinion and thinking cannot yet be assessed. It cer- 
tainly was less effective than he hoped; however real 
gains were made in the formulation of national policy. 
One thing is clear, however—the scientist must continue 
to tell the public what he thinks about both national 
and international problems facing the nation. During 
the 1945-46 Congressional sessions, we saw the United 
States Congress consider and debate two major bills re- 
lating to federal support and control of scientific research; 
the Kilgore-Magnuson Bill establishing a National 
Science Foundation, and the McMahon Bill establishing 
federal control of atomic energy. The latter became 
law, and the former was passed over without action. In 
addition, at least five other bills concerning government 
support of science were thrown into the hopper; some 
for political purposes, some for apparently no reason at 
all. Even Mrs. Clare Boothe Luce tossed in a bill. 

Behind the scenes in Washington, the political and 
legislative struggle went on for a year. It was a fruitful 
struggle, not in terms of actual results, but because it 
introduced the politician and the scientist to each other’s 
brand of thinking, to each other’s problems, with each 
striving to understand the other. The method used by 
the scientist in his thinking is a process of reasoning from 
facts to conclusions which fit all the facts. Such think- 
ing often leads to new and unexpected conclusions. On 
the other hand, the politician reasons from conclusions 
into which he attempts to fit all the facts if he can. It 
takes inspired political thinking to produce a result which 
fits all the facts! 

Although the United States Government has sup- 
ported certain types of scientific research, particularly 
in the agricultural field, for many years, the issue as to 
how far it should go in the support of a truly broad and 
national scientific program still remains unsettled. 
Fundamental research, upon which all applied _re- 
search and engineering depends, has been left largely to 
individual enterprise on the part of men of genius who are 
wise enough to know the long-term value of knowledge. 
The question now is, ‘“‘Can scientific work be left to hap- 
penstance, to the vagaries of a vanishing philanthropy, to 
universities with slim research budgets, to an industry 
demanding immediate returns on any investment?” 

The answer is, ““No,”’ provided that a way can be found 
for the government to support science without restricting 
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the freedom of investigation and the exchange of knowl- 
edge, a freedom without which science cannot thrive. 


A NATIONAL SCIENCE PROGRAM 


There are several compelling reasons why our govern- 
ment must subsidize and support a national science pro- 
gram and not leave the matter to chance. 

Our democratic system of government and our belief 
in private enterprise are grounded in our happy experi- 
ences with them, but that experience is only 150 years 
old. Throughout this brief span we have been operat- 
ing in an expanding economy with new frontiers of land, 
increasing population, and new resources constantly 
opening for us. These frontiers, as we once knew them, 
now have vanished and our population is rapidly ap- 
proaching a state of equilibrium. The wise man, who 
loves his way of life, asks whether his system can endure 
and flourish under the changed conditions he sees ahead. 

While frontiers.in the pioneer sense of the word are 
gone, the new and truly endless frontier of science always 
will be ahead. It contains vast riches for those wise 
enough to find and to train the explorers, and to equip 
the necessary expeditions. I have no doubt that science 
can guarantee its part in the development of a new 
golden age for our people, but I doubt and fear Jest the 
people of the world and their leaders are not wise enough 
to govern themselves. 

We are living in a world of cruel reality and the issue 
of national security is constantly with us. National 
defense no longer is a matter of the size of the Army, 
Navy, and Air Force. It is a matter directly related to 
the total strength and resources of the nation, of which 
the scientific laboratories are as vital as any other part. 
That nation whose scientific stature and health are the 
greatest is thereby the strongest and most secure. Finally, 
it is true, almost without exception, that the public even- 
tually receives the benefits of any new knowledge. The 
public, therefore, has a direct interest in supporting re- 
search, just as it supports education on all levels, for 
the public is the final recipient. Both industry and the 
universities will continue to support scientific research— 
the former because it pays dividends, and the latter be- 
cause they have been given the function of training scien- 
tists. Neither industrial laboratories nor university 
laboratories nor federal laboratories can do the whole 
job. Each has its place in the total scientific picture. 
There are vast areas of research in nutrition, psychiatry, 
psychology, chemistry, physics, sociology, and economics, 
of such a long-range nature and of such complexity that 
only the government can make the required investment, 
the returns from which will come far in the future. 

The establishment of a sound federal policy for the 
promotion of science is a matter of direct concern to 
everyone here today, and each of you must do your own 
thinking about it—more than that, you must act after 
you have thought. 

Any federal policy or any legislation that may come in 
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tain provisions pa: to ‘the Fee oitate: exe 
tive branches of the government, since all legis! z 
must be so designed as to work in the political sense. en 


make our Congress adopt a fruitful policy and pass — 


good legislation depends upon successful political meth- 
ods. All legislators must be informed regarding the 


merit to be sought and the evils to be avoided. Any — 


policy or legislation must have a vast majority of scien- 
tists and educators supporting it. Legislators must be 
convinced that the federal support of science is worth the 
cost. Thegeneral public must be sympathetic; at least 
not unsympathetic. The art of government has its own 
methods of accomplishing its work. The scientist can 
do only what any other citizen can do with political 


methods—study them and follow them until the job is — 


done. 

I close with a warning. When our government, or 
any other government, supports something, it exacts a 
measure of control. There is no such thing as controlled 
science, for when science is controlled it no longer is sci- 
ence. We have just seen a nation of great and talented 
people destroyed in Germany, which, under Hitler, abol- 
ished intellectual freedom and passed the control of 
scientific thinking into the hands of a government of 
venal and foolish politicians. It can happen here—un- 
less all scientists become citizen-politicians. Making 
science and politics work together for the national wel- 
fare is your job now. 


Sliding Mercury Contact. It always has been difficult 
to transfer high currents from a stationary to a moving ob- 
ject. Machinery requiring large currents has used heavy 
flexible leads, flexible copper laminations, or large num- 
bers of carbon brushes, and has had a limited length of 
motion for moving current-carrying parts. A high cur- 
rent capacity sliding contact developed to improve these 
conditions is described by M. B. Austin of Coatesville, 
Pa., in the Iron and Steel Engineer, September 1946. It 
consists of a copper container holding a mercury bath in 
which is suspended, so as to be separated from the con- 
tainer, an upper copper contact, the contact surface of 
which is covered completely by mercury. Either the 
container, upper contact, or both may move, motion 
between them causing both contacts to slide on a mercury 
film one eighth of an inch thick. Temperature rise in 
this type of contact is 15 degrees Fahrenheit at a current 
density of 500 amperes per square inch per 1/64 inch 
length of current path through the mercury, and 24 
degrees Fahrenheit at a current density of 750 amperes 
per square inch under the same condition, both rises 
occurring during a 5-minute period of contact operation. 
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, FELLOW AIEE 


ie IS NECESSARY to understand clearly what is 
meant by a relay which is slow tooperate or slow to re- 
lease. It is not a matter of definite time, such as so many 


Slow-Acting Relays — 


fect control as is practical, so that the operator can make 
dots, spaces, and dashes, long and short, at will. 

Before 1909 a ticker system used by the New York 
Quotation Company employed a “‘time relay.” It had a 
long stroke to obtain a desired delay in operation. 

In the same era there was a step-by-step telegraph 
printer which had a “press magnet”? whose armature 
was heavy enough to furnish considerable inertia. 
During the flow of rapidly alternating impulses the arma- 


milliseconds. It is rela- 
tive to the speed of the great 
mass of relays used in the 
particular field under con- 
sideration. In a field where 
most relays operate in 5 or 
10 milliseconds, one which 
intentionally takes as much 
as 30 milliseconds to operate 
is clearly a slow-operating 
relay. But in a field in 
which the great run of relays 
take 40 to 70 milliseconds to 
operate, a relay would need 
todelayitsoperation asmuch 
as 150 to 200 milliseconds to 
classify as slow to operate. 

Todayslow relays are used 
in a number of fields, such 
as electric power, telegraph, 
and telephone. Most of 
these fields began to use slow 
relays in the era from about 
1900 to 1910. 


Slow-acting relays have been the unobtrusive 
little behind-the-scenes timing-control ele- 
ments in various kinds of electrical installa- 
tions for so long that they now are taken for 
granted. Although supervisory control, 
telemetering, and protective relay systems 
for electric power systems, have been covered 
extensively in technical literature, the role 
played by the slow-acting relay for the most 
part has been passed over. In a like manner, 
much has been written about machine 
switching in automatic telephony, but little 
has been said about the slow-acting relays at 
the heart of the works. Aware of this de- 
ficiency in published information, the AIEE 
committee on communications, under direct 
sponsorship of the subcommittee on quick 
and slow-acting relays, arranged a conference 
at the 1946 AIEE winter convention for the 
purpose of preliminary exploration of the 
subject and of the interest in it. The essen- 
tial substance of that material is presented in 
these articles. 


ture could not respond. But 
on steady direct current it 
operated and printed the 
character. Thesame device - 
was used in the Gold stock 
ticker and in the Essick 
page and line printer. 


TELEPHONE 


It was in the telephone 
field that relays fully came to 
their own, as to numbers 
and importance to the art. 
Because such large numbers 
of relays are needed, they 
must be relatively cheap. 
Becauseof limited space they 
cannot have the desirable 
cube form, but must be rela- 
tively long and_ slender. 
This enables the maintainer 
to get at any relay at either 
end without taking it off the 
shelf or rack. Early manual 
switchboards had no need 


ELECTRIC POWER 


At least as early as 1904 
there was in use a relay of the solenoid and plunger type, 
fitted with a leather bellows having a small hole in one 
head. The slow escape of the air delayed the completion 
of the stroke of the plunger to the desired amount. Some 
relays of this type are still in use. 

Later relays of the induction motor type were used, 
in which the delay was obtained by means of a disk. 
Inertia played a part in the delay and sometimes small 
permanent magnets were added, to cause eddy currents 
in the disk, similar to the structure in the integrating 
watt-hour meter. 


TELEGRAPH 


Hand-operated Morse telegraph sets seemed to need 
no slow relays. The circuit must be under just as per- 


Arthur Bessey Smith is vice-president, Automatic Electric Laboratories, Inc., 
Chicago, Ill. 


DECEMBER 1946 


for slow relays. In fact, 
speed was not considered. 

The first automatic switches were operated by the hand 
of the subscriber, using push buttons or strap keys, with 
so many pushes for each digit. ‘Time was not much of a 
consideration, for the two wires of the subscriber line 
were grounded in turn in accordance with a definite 
code. Numerical impulses were sent over one line wire 
and one impulse over the other wire operated the 
“numerical separator’ so that the next group of impulses 
on the first wire would operate a different magnet. 
There was no need for slow relays. 

The entrance of a definitely slow-to-release relay is 
interesting. 

In 1900 the New Bedford, Mass., automatic telephone 
exchange was installed. Each selector had two series 
line relays, each 30 ohms in resistance. ‘These remained 
in series with the line wires after the connection was ex- 
tended to the next switch. Thus the completed con- 


Slow-Acting Relays 557 


nection had several pairs of 30-ohm relays in series, 
through which the subscribers must talk (Jocal battery). 
To improve the voice transmission, each relay was 
shunted with a 150-ohm noninductive resistance. 

In 1901 the Fall River, Mass., exchange was installed. 
It had the same 30-ohm series relays in each switch, but 
the iron core of each relay was covered by a copper tube, 
whose wall was about 0.80 millimeter thick. The same 


copper sleeve was applied to several magnets used in 


lifting and rotating the switch-wiper shaft. In the latter 
case it materially reduced the spark produced at the con- 
tact of the relay which controlled such magnets. 

In the same plant, and at about the same time, it 


was discovered that short-circuited turns in a relay 


winding, as well as the copper sleeve on the core, had a 
strong delaying effect on the release of the relay. In 
fact, it was found that if the copper sleeve were thick 
enough, it tended to run the impulses together. ; 

At least as early as 1904 there were a number of a-c 
relays in use. The armature, instead of being pivoted 
at one end, was pivoted somewhere near the middle, 
and it was capable of rotating as much as 40 or 45 de- 
grees before closing the contact spring. This had in it 
great possibilities as a slow d-c relay, though it seems not 
to have been used that way. 

In 1904, during the month of July, an engineer of the 
Automatic Electric Company devised the first 2-wire 
common battery subscriber line circuit, combining quick 
and slow relays in numerical selection. At the sub- 
scriber station there was no ground connection (except 
for the lightning arrester). When the subscriber seized 
the line by closing the loop, a quick line relay operated 
and pulled up a slow relay. The latter grounded the 
third wire and prepared local circuits for receiving 
numerical impulses. As the subscriber dialed the first 
digit, the line was opened several times, each opening 
causing the operation of the motor magnet which moved 
the switch wipers. During this time the slow relay re- 
mained operated. A second slow relay was associated 
with the motor magnet—this relay operated and re- 
mained operated until the end of the group of impulses. 
Then it released and prepared the local circuits for the 
next group of impulses (the second digit of the call num- 
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also through the other quick relay. The 
on the release current, and cut off the slow r 
soon released and cleared the lines. 
By 1910 the slow relay had been changed = its u 
a copper collar instead of the copper sleeve. By pl 


the copper collar on either end of the relay core, grea it tA 


differences in performance can be obtained. Because 


En 
of the slender shape of the electromagnet, if the collar z 


is at the armature end of the core, the delay in operating 


time may be as much as 75 to 100 milliseconds. as 1 
is at the “‘heel’’ end of the core, the delay to operate may 


be only 10 to 15 milliseconds. This difference is a re- 
sult of the magnetic leakage between core and heel- 
piece, which would not be very effective if the magnet 
had a cubic shape. 

In 1930 there was a return to the sleeve for the release 
and magnet relays, in order to diminish the cost. The 
cost of the copper and its labor was reduced about 40 


per cent and that of the complete coil from 10 to 15 per | 


cent. There has been no impairment in the perform- 
ance, but the copper collar is retained wherever its spe- 
cific performance is of value. 

Other means, such as weighted springs or clockworks 
with air for governors, may be used for slowing the relay 
but only the copper collar and sleeve seem to have ob- 
tained any significant degree of usage in the iclephops 
field. 


II. Use in Telephone Switching 


Fae IN. WV A eae 


TYPICAL RELAY, used by the millions in tele- 

phone offices, in shown in Figure 1—the U-type 
relay. This particular type is not a slow relay; its 
action time is about 1/20th second or less. It can be 
slowed, however, to give times in the range from 50 to 
500 milliseconds, which is the ordinary range of delay 
in telephone relays. These delays can be obtained—at 
reasonable cost, with reasonable accuracy, and without 
too great a sacrifice in number of contacts—through ap- 
plication of the principles to be outlined. Primarily, 
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these delays are obtained by the use of short-circuited 
turns to oppose a change in magnetization, and by using 
the properties of the relay upon disconnection of the cir- 
cuit, not on closure, because of the greater stability of a 
relay upon its release. The subject of this article then 
narrows down to the principles underlying slow-release 
relays. 

| At the bottom of Figure 2 appears the “‘slow-release 
formula,” by which almost any slow-release problem 


may be explained. Because of its importance, the steps 


by which this formula is reached will be outlined. At the 
top of the figure is a simplified relay structure. When 
the switch S is closed, the armature is attracted from its 
unoperated position to one against the core. The condi- 
tion of magnetization is represented by the dotted 9 
versus JVi curve at the right, the point corresponding to 
¢1 representing conditions after the armature has come 
to rest against the core. In this operated position, the 
armature experiences a mechanical force, F, resulting 
from the deflected springs trying to restore it to normal, 
and a magnetic force, P, holding it against the core. 
This magnetic force depends on the flux in the air gap, 
and the pole face area, S, according to the formula 


se od 
879805 


= (in grams) 

When the switch is opened, the applied ampere-turns 
eventually will drop to zero, and the flux follows accord- 
ing to its demagnetization characteristic. With the 
flux, of course, the pull also falls off. 

The release time, therefore, will be the time, after 
disconnecting the switch, at which equilibrium between 
magnetic and mechanical forces is just unbalanced. It 
is, then, the time for the flux to fall from its steady value 
to the value of flux at which the pull, P, resulting from 
magnetic attraction equals the spring force, F. Looking 
at the heavy curve to the right, it depends on the time 
for the flux to travel its downward ¢g-JVi characteristic 
(its demagnetization curve) to the just-releasing point. 
This time would be negligible were it not for the eddy- 
currents induced in the second winding shown, a short- 
circuited winding which opposes any change in flux 
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Figure 2. Slow release relay 


Slow release formula: 
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Figure 3. Slow release formula split into conductive and in- 
ductive terms 


Slow release formula=(conductive term) X (inductive term) 


linking its turns. All this may be expressed mathe- 
matically by writing down the voltages around the cir- 
cuit: the JR drop plus the back electromotive force, 
which results from a changing flux, of N(dg/dt). This 
is shown written in correct units, and when terms are 
rearranged gives the slow-release formula already men- 
tioned. 

When this formula is used, it is convenient to split it 
into two separate terms, as shown in Figure 3. The 
N?/R term has dimensions of a conductance and is called 
the “‘conductive term”; it depends solely on the dimen- 
sions of the coil and the quality of the conductor. The 
remainder of the expression is called the “inductive 
term’? 


gl 
10-8 dp 
Ni 


It is a function of the iron quality and the iron dimen- 
sions. In other words, it depends on the descending 
g—Ni relation of the magnet, a relation amenable to both 
measurement and prediction. By replotting the flux 
against 1/Vi, the information is arranged in the form 
JS xdy, which expresses the area included between the 
curve, the vertical axis, and the two ordinate limits. 
This area is shown shaded in Figure 3. The product of 
this area and the conductive term gives the desired time 
in seconds, varying as shown at the extreme right of the 
figure. A more detailed examination of each of these 
terms will be made next. 

The manner in which the conductive term varies is 
seen in Figure 4, where the conductance of a coil (in 
megamhos per inch of length) is plotted against the ratio 
of outside to inside radii. The heavy curve, representing 
a solid sleeve, is seen to give the greatest delay in a given 
space, as might be expected. The other curves show the 
results for the extremes of typical windings where the 
value of ¢ represents the “‘copper efficiency” of magnet 
wire; that is, the ratio of copper volume to total volume. 

The inductive term in Figure 5 can be used to esti- 
mate effects of iron, gap, or other dimensions. As an 
illustration, the three curves may be considered as those 
for three different operated gap-lengths, differing only 
by a few tenths of a mil from each other. The replot 
of these values against 1/Vi shows how the smallest gap 
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gives the largest area, and consequently the longest 
‘time, for a given spring force. The dimensions con- 
sidered here are in the order of the thickness of the 
finish on the parts, so that the important effect on time 
resulting from wear of the finish or manufacturing varia- 
tions can be recognized. 

The three cases being compared here are seen to differ 
widely in time upon the assumption that all are adjusted 
to the same operated load. Should it be possible to 
change the loads so that in each of the three cases the 
just-release ampere turns were the same, it will be evident 
by reading across from the set of curves on the left side 
of Figure 5 to that on the right, that the releasing time 
will be approximately the same for each case. ‘This 
relationship between just-release ampere turns and time 


is the basis for large-scale manufacture of the slow-re- 


lease telephone relay known as the Y-type relay to be 
described further in the following. So long as springs 
are provided to give the needed releasing load, the 
time is known when the release i are known. 

The curves also could be used to analyze the effective- 
ness of various pole face areas. In general, a large pole 
face will be found best suited to long delays, but an 
optimum dimension sometimes will be indicated by this 
type of analysis. The use of these methods gives the 
designer reliable results. Figure 6 shows agreement 
between prediction and experiment in a particular test 
sample; where the heavy curve shows the calculated 
time plotted against releasing Nz, and the circles show 
measured points. 

To summarize, then, the design features of the slow 
release relays are as follows: 
Short-circuited windings. — 
Low-reluctance gaps. 
Low-leakage magnetic design. 
Saturated iron (high current), 


Low spring forces. 
Massive moving parts. 


aes alle 


The designer will build his slow relay using a solid 
sleeve of copper wherever possible. 
The smallest possible operated gaps consistent with cor- 
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Figure 4. The conductive term N?/R 
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‘rosion and wear resistance will be used, and a lar 
face area will be helpful. An effici eti 
operated into the saturated region, will be : 
restoring forces will require a longer flux deca’ 
reach. For completeness, massiveness of the P 
parts is mentioned, though it usually is of secondary 
importance. 4 eae 

Such principles are embodied in the Y-typerelayshown 
in Figure 7. This relay uses copper sleeves, iron satu- 
rated by 200 to 250 ampere turns, a low-leakage mag- 
netic circuit, nickel finish for corrosion protection, and 
a thin chromium finish for wear protection.. While it 
uses nearly iron-to-iron contact in the operated position, 
an important feature is a slight sacrifice in operated gap : 
reluctance to obtain greater stability—the spherical gap 
surface (visible in the figure), which gives uniformity at : 
the gap in spite of misalignments encountered with | 
normal manufacturing practice. Its other feature, as 
previously mentioned, is its ability to be adjusted for a 
given time requirement simply by adjusting to release 
on a specified value of ampere turns. The extra springs 
provided to insure that the releasing force can be at- 
tained in all cases will be seen in the figure. 
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III. Telephone-Type Relays 


ANDREW W. VINCENT 


HE TIME INTERVAL required for the closing 

or opening of a relay contact after the current is 
applied or removed, is dependent upon the balance of 
mechanical forces acting on the mass of the armature. 
These balanced forces are the spring load force, the 
magnetic operating force, the frictional force, and the 
force of acceleration. Because changes in the magnetic 
forces occur when the armature is unoperated, while it 
is moving through its stroke, and also after it is operated, 
it is necessary to show the relationship of the magnetic 
forces as a function of armature stroke at constant 
ampere-turn values and the magnetic forces as a func- 
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prediction and 
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tion of ampere turns at various armature stroke positions. 
The curve of Figure 8 shows these relationships in a typi- 
cal telephone-type relay structure carrying an operating 
load of 12 ma sewcomtecs and operating with zero residual 
air gap. 

The left half of the curve sheet shows the magnetic 
force versus armature stroke at different ampere-turn 
values, and the spring load force versus stroke of the 12 
make-contact spring load. The dotted curves show the 
build-up and build-down forces under typical operation. 
The right half of the curve sheet shows the build-up of 
force at operated and unoperated stroke positions after 
demagnetization and build-down after 600 ampere-turn 
saturation. Starting at 0 and 0’, and _ progressing 
through the numbered points back to zero, shows the 
static forces throughout the armature stroke. The fol- 
lowing is a detailed discussion of the cycle. 

From 0’ to 1’ represents the build-up of the magnetic 
force in the unoperated armature position to the point 
where it is greater than the spring load force at 1, at 
which time armature motion begins. The time required 
for this part of the cycle is dependent upon the time re- 
quired for the current in the coil to build up to the re- 
quired value as given by 


i= (E/R)(1—e—#t/L) 


where L equals the inductance of the coil with the arma- 
ture in unoperated position. 

When the eddy current losses in the iron are large, 
the accompanying counter flux may cause the time to be 
much longer than the foregoing equation would indicate. 
Advantage has been taken of this in adding short-cir- 
cuited turns to the winding to increase the operating 
time. The short circuit may take the form of a relay 
winding or a solid copper collar. The location of the 
short-circuiting winding must be kept close to the 
armature to prevent the leakage flux from acting on the 
armature. Inasmuch as the armature is open, there is 
more of a tendency for the flux to take the leakage path. 

Points 1 to 2 indicate the rise of force as the armature 
closes. Although the spring load would be lifted by 110 
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Figure 7. The Y-type relay 


ampere turns as indicated by the fact that the spring 
load is less than the 110 ampere-turn force curve through- 
out the stroke, it is necessary to saturate the structure 
with 600 ampere turns in order to show the most severe 
release condition. When the armature has completed 
its stroke, the ampere turns have increased to 150 which 
isshown at 2. The contacts close at the point indicated, 
the elapsed time being that necessary for the changing 
force, represented by the difference between the spring 
load force and the dotted force curve, to move the ef- 
fective mass of the armature and springs to the point 
where the contacts close. As the current has not reached! 
its final state, the force increases at a constant closed gap 
from 2’ to 3’ which is outside the curve sheet. The 
points 2 and 2’ would not coincide exactly because of the 
different paths taken, but the difference is assumed to 
be negligible. Curve 0/2’3’ is similar to the normal 
magnetization curve of the iron, and the upper curve is 
similar to the upper part of the hysteresis loop, except 
that the force is a squared function of the flux. The 
equation is 


~ 7,8400A 


grams 


when 


¢=flux in maxwells 
A=area of the gap in square centimeters 


When the relay coil circuit is opened, the force de- 
creases along the curve 3’ to 4’ until the magnetic force 
is less than the spring load, at which time armature mo- 
tion begins. The elapsed time is again dependent upon 
the effectiveness of the eddy current paths in building up 
currents resulting from the changing flux which builds 
up counter flux to oppose the change in flux and thus 
maintain the force. Inasmuch as the armature is closed, 
the position of the short-circuiting conductor is not as 
important as in the case of the unoperated armature 
position. The rate at which the circuit contact is opened 
also affects the time, especially if there are no short- 
circuited turns, since the large change in flux builds up 
high voltages which cause current to flow as an arc. 
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The point 4’ indicates that 
the relay will release on 35 
ampere turns. 

The dotted release force 
curve 4 to 0 indicates the 
decrease in magnetic force 
as the armature opens. 
The force decreases rapidly 
as the armature is opened 
inasmuch as the flux path 
is broken. The time elapsed 
until the contacts open is 
dependent upon the ap- 
plied forces and the mass of 
the system as in the operat- 
ing case. 

In practice, the determi- 
nation of relay release and 
operating times is limited be- 
cause of the large number 
of variables. 

The value of the voltage 
applied to the coil is not an 
important factor in the con- 
sideration of release time be- 
cause the magnetic structure 
is near saturation with the 
armature closed, under average operating conditions. 
The release time is largely dependent upon the rate at 
which the flux decays. The time required for armature 
motion can be neglected in slow releasing relays as it is 
a small part of the total release time. By knowing the 
time required for the force to drop to the operated spring 
load force at various residual air gaps and with a specified 
short-circuiting collar, the release time can be deter- 
mined. With a large copper sleeve on the core release 
time as high as one-half second can be achieved without 
failure to release. 

The decrease in height of the residual projection, re- 
sulting from operation wear, causes a greater increase in 
release time when smaller residual setting adjustment is 
used, inasmuch as the change resulting from wear is a 
greater percentage of the total residual air gap. When 
the effect of magnetic iron aging, which may double the 
residual force over a period of time, is taken into account 
along with the accompanying decrease in spring load 
force, it can be seen that the release time increases with 
the number of operations, approaching the point where 
the armature will fail to release. 

In determining the operate time the applied voltage 
cannot be neglected. Over the normal operating am- 
pere-turns range the introduction of the unoperated arma- 
ture air gap into the magnetic circuit shifts the operating 
range of the iron to a lower region such that current 
changes are not masked by saturation. For this reason 
the applied voltage must be considered inasmuch as it, 
with the L/R ratio of the coil, determines the current 
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Figure 8. 
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Relationship of magnetic forces as a function of: 


A—Force versus stroke at constant ampere turns B—Force versus ampere turns at constant stroke 


in the coil as a function of time. The inductance of the 
coil is less with the unoperated armature air gap which 
is responsible for a maximum practical limit which ap- 
pears to be about one-tenth second operating time delay. 


IV. Use for Power Purposes 


E. E. GEORGE 
FELLOW AIEE 


HE APPLICATION of telephone relays in the 

power field is not new. These relays have been in 
use for years by many utility companies on special ap- 
plications. The larger power manufacturers have used 
them as elemental units in telemetering, selective call- 
ing on carrier telephone circuits, carrier relay protection, 
protective distance relaying, and also in supervisory 
control, 

Extensive use has been made of standard telephone 
relays in the regular, slow operate, and slow release types. 
In addition to the standard cylindrical-type relays the 
following relays or relay devices have been used by some 
power utilities: 


1, Rotary selector switches. 

2. Morkrum cable relays. 

3. Double throw polarized relays. 
4. Weighted reed timing relays. 
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5. Toll line ringing assemblies for 20-cycle ringing and for 135- 
cycle ringing. 


The major use of such relays is as auxiliary devices, 
but they also are used a great deal for automatic reclos- 


ing, carrier signaling, private. telephone line ringing, - 


timing, sequence control, interlocking, and time delay 
purposes. The characteristics of standard relays are 
visualized easily if plotted on log-log paper. 

The only major disadvantage of telephone relays is 


Organization of 


in their mounting requirements but this largely has been 
overcome by the design of a special front-of-board 
mounting case with studs for rear connection. _ 

The advantages of these relays are their low price, 
small space requirements, wide range of contact assem- 
blies, resistance range from 11/2 to 15,000 ohms, reason- 
ably accurate calibration, dependable design and test 
procedure, adequate engineering data, good delivery 
(normally), and low energy requirements. 


the Engineering — 


N CONSIDERING the 
organization of the engi- 
neering profession, there are 
two distinct phases which 
must receive attention—the 
technical and the professional. 
The technical side of our 
profession is well organized. 
We have the Founder So- 
cieties and a host of other 
societies, each devoting itself 
principally to the dissemi- 
nation of knowledge to its 
members. Our AIEE is 
more or less typical of these 
technical societies. It is 
certainly a going concern. 
It is the largestof this group. 


It receives a continuing infusion of new ideas through 


Profession 


ELGIN B. ROBERTSON 
FELLOW AIEE 


This searching consideration of the question 
of organizing or reorganizing the engineering 
profession is presented for the purpose of 
stimulating additional thought and discus- 
sion by the entire AIEE membership. The 
author, speaking in the light of experience as 
president of the Texas Society of Professional 
Engineers and vice-chairman of the AIEE 
membership committee, supports Plan B of 
the various proposals of the AIEE planning 
and co-ordination committee’s professional 
activities subcommittee (EE, Apr °46, pp 
169-73). He urges that collaboration and 
co-operation are more effective than at- 
tempted consolidation in view of the great 
diversity of interests among engineers. 


What is a profession? 


zations representing a wealth 
of accumulated experience 
and well-earned prestige. 
Let us remember that the 
success they now enjoy is 
the result of the thought, the 
time, the energy, and the 
money put into them by their 
members over a period of a 
half-century or more. Major 
changes in either status or 
major objectives should be 
approached with great care. 
When we consider the 
professional side we find an 
entirely different situation, 
and it is with this phase 
that I wish to deal mainly. 


One answer to this question 
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the new members, and the new local and national officers 
elected periodically. Certainly, as an organization, 
AIEE does not need any particular “going over.” 
Any radical change in its organization, or of its set up, 


would not seem to be warranted, and I doubt that such 
changes would meet the approval of our niembership. 
All these characteristics are but indications of a successful 
organization. 


Let us not lose sight of the fact that our AIEE and 


-other major technical societies are, as a rule, old organi- 


“Based upon a talk given at the AIEE South West District meeting, San Antonio, 
*Tex., April 16-18, 1946. 
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can be gotten by referring to “‘Webster,”” but one will 
find only the definition of the word. Surely our engi- 
neering profession is more than can be defined by a 
single word, no matter how comprehensive that defi- 
nition may be. But, regardless of any definition, I 
believe that a profession is what its members want it to 
be; inevitably, it is whatever they make it. If we 
want our engineering profession to be strong, virile, 
and honorable, then we, its members, must breathe 
into it the desired life, vitality, and honor through the 
integration of our individual actions. If we do not 
want this kind of a profession, then we can refuse to give 
to it our time, our energy, and our money. If we are 
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_ personally selfish or thoughtless we may conduct our- 
selves so as to get the maximum benefit for ourselves, 
regardless of the effect such conduct may have on the 
welfare of the whole group. Some of us are doing just 
this, although the vast majority are not. 

Every engineer has his technical needs and his pro- 
fessional needs. Both of these concern his welfare and 
so he should devote himself to both of these activities. 

I have been told time and time again that engineers 
cannot divide their loyalty between technical and pro- 
fessional societies and that they do not have enough 
spare time to devote themselves to both. I have been 
associated with AIEE for approximately 30 years. I 
started out as a Student Member and have advanced 
through the various grades to that of Fellow. I have 
been a Section secretary and Section chairman, have 
served on numerous committees, and as a vice-chairman 
of the membership committee for the South West District. 
I have belonged to the Texas Society of Professional 
Engineers, and the National Society of Professional 
Engineers for several years. I have been a chapter 
secretary, a chapter president, a state director, and in 
January of this year, I completed my term of office as 
president of the Texas Society of Professional Engineers. 
Has this activity in the professional society lessened 
my interest in the AIEE? By no means! As a matter 
of fact, it has enhanced my interest in and appreciation 
of AIEE. This division of activity is a manifestation of 
breadth rather than division of professional interest. 
You cannot divide your loyalty to yourself; nor can 
you give to your societies (technical or professional) 
only time that you consider to be spare time if you wish 
them to prosper and to achieve the results you desire. 

A technical society such as the AIEE cannot be an all- 
inclusive society. The technical problems of the elec- 
trical engineers are not the same as the problems of the 

civil, petroleum, or other engineers. However, a pro- 
_ fessional society can be all-inclusive because the pro- 
fessional problems of the electrical engineers are identical 
with those of all other engineers. These professional 
problems are not limited to the engineers in private 
practice but are the concern of all engineers. 

Why are we interested in organizing the engineering 
profession and why are we discussing these professional 
problems? Actually, if we will be honest, we must ad- 
mit that this interest is aroused by our desire to have the 
public give us the recognition, as a profession, to which 
we think we are entitled. 

All right—we admit that we want public recognition 
and esteem as a profession. How will we get it? 

Who is an engineer? Answer this question by taking 
a piece of paper and writing down your own definition 
of an engineer. If you will take the definitions given 
by ten different engineers, you will have ten different 
answers. 

Who is a doctor? He is one who is licensed to prac- 
tice medicine by the laws of his state. A doctor of medi- 
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cine domes from a medical atin or 
rience, do not entitle him to practi ZB 
issued by his state that is the mark o [ 
authorization. Who is a lawyer? He. is one whe 
licensed to practice law by the laws of his state. 


By the same token, I believe that we should define an 


engineer as one who is licensed to practice engineering 
by the laws of his state. If we of the profession cannot 
put a label on the engineer, then how can we expect the 
public to recognize an engineer when it sees one or hears 


one? We must be able to point definitely to a particular 


individual and say: ‘This is an engineer.” I believe 
that the legal license is the best answer to this ; simple 
identification. 

I believe that most of us will admit that the lawyers 
have influence in their communities. I believe that we 
will concede further that the public is conscious of the 
professional status of the doctor. Would either of these 
be in their present position without the Bar Association 
and the Medical Society? A professional engineering 
society is essential to professional wh and stand- 
ing. 

The professional activities subcommittee of the AIEE 
committee on planning and co-ordination has made a 
report on four plans for organizing the engineering pro- 
fession (EE, Apr ’46, pp 169-73). This report is worthy of 
every engineer’s thought and consideration. I believe 
that the course presented by ‘“‘Plan B” of that report is 
the best to follow. Plan B leaves the AIEE and other 
technical societies to carry on as they now do and calls 
for a professional society to carry on all activities that 
are of a nontechnical nature. I believe that Plan B will 
do the job we want done. 

As the all-inclusive professional society called for in 
Plan B, I personally favor the National Society of Pro- 
fessional Engineers because 


1. It is already in existence as a going concern and ready to 
serve. 


2. A license is a prerequisite to its membership. 


3. It is a thoroughly democratic organization. Its members are 
elected locally. The state societies and the national society cannot 
elect a member, A state society is primarily a co-ordinating 
agency of the local chapters in that state and the same is true of 
the national society in its relation to the state societies. 


This professional problem is primarily of local con- 
cern and since all power in this organization originates 
with the individual member and his local chapter, it is 
particularly effective in handling the questions that 
arise. ‘The’ local chapters can work through the state 
and national societies in taking care of those problems 
that are more than local in scope. 

This organization frankly says that it is concerned with 
the welfare of the individual engineer, and since this is 


- the main concern of all I think it is worthy of the support 


of all engineers who want an engineering profession that 
is entitled to the esteem and respect of the public. 
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_ Great Lakes District Meeting 


Conference Papers Digested 


_ Conferences on subjects varying from 
electric machinery to basic sciences were 
held at the Great Lakes District meeting of 
the Institute held at Indianapolis, Ind., 
from October 9-11. The majority of the 
papers presented were of the conference or 
District type and will not be published for- 
mally. The following material summarizes 
the papers presented at the meeting. 


CONFERENCE ON ELECTRIC MACHINERY 


The conference on electric machinery 
was presided over by Chairman M. S. 
Oldacre (M’42) Commonwealth Edison 
Company, Chicago, Ill. The conference 
covered a wide range of material from theo- 
retical design to present-day commercial 
standardization of small motors. Out- 
standing features of the meeting were the 
papers on magnet wire and fractional- 
horsepower motor standardization. The 
paper by C. P. Potter on standardization 
stimulated the greatest amount of discus- 
sion, and it seemed clear that adoption of 
these standards will be of great benefit to 
both users and manufacturers in this 
$100,000,000 a year industry. (EE, Nov 
46, p 451) 

“Asynchronous and Single Phase Opera- 
tion of Synchronous Machines” by A. W. 
Rankin (M’45) General Electric Com- 
pany, Schenectady, N. Y. This is the 
fourth in a series of analytical studies of 
synchronous machines made by Mr. Ran- 
kin, the other three already having been 
published in the 1945 AIEE Transactions. 
In this current paper, Mr. Rankin pre- 
sents an analysis of the asynchronous and 
single phase operation of a synchronous 
machine based upon the generalized equiva- 
lent circuit of Kron. The fundamental 
equations of Park are used as the starting 
point, but the succeeding mathematical 
operations are guided by the tensor publi- 
cations of Kron. ‘The asynchronous torque 
and current relations are presented in terms 
of the currents and voltages of simple equiva- 
lent circuits; also, a numerical compari- 
son is given of the asynchronous and single 
phase operating characteristics of synchro- 
nous machines with complete and with in- 
complete end rings on the damper wind- 
ings. This comparison, the author states, 
has direct value in design engineering, not 
only as a study of the various torques, but 
also as a picture of the distribution of the 
damper-bar currents in the leading and the 
trailing pole halves. The methods pre- 
sented are intended for use with the a-c net- 
work analyzer, and all torque and current 
expressions are given directly in terms of 
current and voltage readings obtained from 
the network analyzer. Equivalent circuits 
for constant-speed asynchronous operation 
are derived, and numerical examples of the 
application of these equivalent circuits are 
given. Equivalent circuits for constant- 
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speed single-phase operation also are de- 
rived, and a single numerical example of the 
application of these equivalent circuits is 
given. 

*Fractional-Horsepower Motors for 
Operation on Thyratrons” by W. R. Goss 
and F, T. Carlson (nonmembers) of the 
General Electric Company, Fort Wayne, 
Ind. The many special applications of 
motors to welding-head controls and other 
such equipment where the motors are oper- 
ated by power from thyratron rectifiers 
have led to the development of ‘‘packaged”’ 
power rectifier equipment by several manu- 


facturers for use in driving variable speed © 


motors on many types of application. The 
availability of this packaged thyratron- 
rectifier power unit has increased the tend- 
ency to utilize standard motors, a practice 
which the authors report as being not en- 
tirely satisfactory because of the additional 
heating, poor commutation, and noise, 
which results from the use of thyratron- 
rectified power on motors not designed for 
that kind of a power source. Specially de- 
signed and specially rated motors have been 
developed for use with thyratron-rectified 
power, thus making the variable speed 
qualities of a d-c motor fully and readily 
obtainable wherever a-c power is available, 
through thyratron rectification. 
“Properties of Magnet Wire” by H. A. 
Smith (A’46) and W. G. Skinner (non- 
member) General Electric Company, Fort 
Wayne, Ind. Magnet wire is one of the 
most important materials used in the con- 
struction of electric apparatus. More than 
200 million pounds of copper magnet wire 
are produced annually in the United States. 
Although it is not generally realized, the 
magnet-wire industry is a precision indus- 
try. Tolerances which would be close in a 
precision tool room are not uncommon on 
small sizes of wire, such as the 0.0001 inch 
plus or minus that is allowed for wire of the 
size of an ordinary hair, about 0.003 inch. 
In the past, the acceptability of magnet 
wire was determined by trial-and-error 
methods, the design engineer winding such 
wire into a model of his apparatus and then 
testing it to destruction. Now, test methods 
for the evaluation of magnet wire are used 
by the wire engineer. An attempt is made 
to correlate the properties of insulated mag- 
net wire—physical, chemical, and electri- 
cal—measured by wire tests to the proper- 
ties desired in the finished electric appa- 
ratus. Of the 200 million pounds of mag- 
net wire used by the electrical industry in a 
normal year, some 70 per cent is film 
coated—that is, enameled. The two main 
types of wire enamel used today are syn- 
thetic resin enamels and _ oleoresinous 
enamels based upon natural resins in com- 
bination with drying oils. Of the several 
types of synthetic-resin wire enamels now 
in use, the major one is enamel based upon 
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polyvinyl acetal resin, the properties of 
which are far superior to those of a natural 
resin enamel for film-coated wire. 

“New NEMA Fractional-Horsepower 
Motor Standards” by C. P. Potter (F’29) 
Wagner Electric Corporation, St. Louis, 
Mo. There are millions of fractional-horse- 
power motors in operation in the United 
States at the present time driving washing 
machines, stokers, oil burners, refrigerators, 
domestic water pumps, gasoline dispensing 
pumps and an almost limitless list of other 
devices including business machines. The 
public has become accustomed to having 
these devices operate essentially night and 
day with very few interruptions. Every 
fractional-horsepower motor has a horse- 
power rating stamped on its name plate, 
and this would seem to be a definite indica- 
tion of its capabilities. However, this is not 
necessarily true, because motor character- 
istics frequently are modified to suit the de- 
sires of the manufacturer of the devices 
which they operate; some modifications 
being logical, others illogical. These and 
related practices have resulted in many 
fractional-horsepower motors not having 
the life expectancy which they would have 
if they were more consistently and con- 
servatively designed and applied. To pro- 
mote a more logical design and application 
of fractional-horsepower motors, the better 
to serve the interests of all parties con- 
cerned, the National Electric Manu- 
facturers Association recently has adopted 
two important new fractional-horsepower 
motor standards: ‘‘Definition of Motor 
Output” and “Service Factor.” These pre- 
scribed standardized readings, adherence 
to which would assure to the user a long and 
dependable service life, would enable the 
application engineer and the appliance 
manufacturer to select a dependably stand- 
ardized motor thus obviating the need to 
test each application. 


CONFERENCE ON ELECTRONICS 


The conference on electronics met under 
the direction of O. W. Livingston (M 43), 
General Electric Company, Schenectady, 
N. Y. In summarizing, Livingston stated 
that a method should be developed by 
which all vacuum tube characteristics 
could be expressed in terms of volts, am- 
peres, seconds, and temperature thereby 
simplifying description and application 
through standardization. It was interest- 
ing to note that the papers on electronics in 
measurements and aeronautical electronic 
devices concurred in the necessity for com- 
ponents and vacuum tubes possessing sim- 
plicity and ruggedness required in these 
applications. 

‘Electronics in Measurements” by R. J. 
Kryter (A’35) Esterline-Angus Company, 
Indianapolis, Ind. In spite of the fact that 
many types of measurements otherwise im- 
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possible can be made with the aid of appro- 
priate electronic equipment, electronic 
methods admittedly have been slow in 
penetrating the field of instrumentation. 
Prejudice and sheer human inertia of course 
have contributed to the slowness of accept- 
ance of electronic instrumentation, but it 
must be admitted also that it was logical for 
electronic instruments and measurements 
methods to be required to demonstrate 
both their facility and their dependability, 
and it must be admitted further that there is 
much room for refinement and improve- 
ments in ruggedness and simplicity of the 
electronic devices used in measurements, 
particularly in the vacuum tubes them- 
selves. Electronic measurement methods 
must compete with existing mechanical, 
electrical, hydraulic, and pneumatic 
methods, and, initially at least, are most 
attractive in the fields not so readily served 
by the more established instrumentation 
equipment and methods. For example, 
electronic methods are most advanta- 
geously adapted to miscellaneous or special 
quantities such as light and sound inten- 
sities, color values, torque, gas composition, 
pH, or measurements under special condi- 
tions such as speed without physical con- 
tact. Similarly, electronic methods are in- 
dicated for the measurement of very small 
‘quantities, very rapidly changing quantities 
or conditions, and very short time intervals. 
Nonelectronic methods commonly require 
a human operator and manual manipula- 
tion, whereas the electronic method and 
equipment permits continuous and auto- 
matic measurement, and automatic control. 
Extreme sensitivity, great amplification, un- 
limited speed, smooth and easy control, 
possibility of automatic operation, are ad- 
vantages. However, electronic instru- 
mentation is not a cure-all; lack of rugged- 
ness, difficulty of service and requirement 
for special service personnel, limited life, 
instability of calibration, and obsolescent 
components are challenging problems re- 
quiring and currently receiving attention. 

“Frequency Performance of Thyratrons” 
by H. H. Wittenberg (A’46) Radio Cor- 
poration of America, Victor Division, Lan- 
caster Pa. As there are many applications 
for thyratrons at frequencies above the 
standard power frequency of 60 cycles per 
second—such as in inverters, servomecha- 
nism controls, relaxation oscillators, 
radar modulators, and grid-controlled rec- 
tifiers for air-borne equipment, where the 
frequency range is from a few hundred to as 
much as 50,000 cycles per second—the 
performance of thyratrons at these fre- 
quencies becomes a matter of some interest 
and importance. Investigation reveals 
that at high audio frequencies the grid- 
controlled characteristic resolves itself into 
two characteristics—a starting character- 
istic and an extinguishing characteristic; 
the starting characteristic shifts negatively 
with increased frequency, and with in- 
creasing gas pressure; the extinguishing 
characteristics shift negatively with in- 
creasing frequencies, with increasing grid 
resistance, with increasing anode current, 
and with increasing gas pressure—the 
shifts also being a function of tube geom- 
etry. 
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“Microwave Magnetrons” by F. F. 


Reike (nonmember) Purdue University, 


Lafayette, Ind. In discussing the possible 


uses of magnetrons—as one of the members 


_ of the vacuum tube family—exclusive of 


radar, Doctor Reike pointed out that the 
cost of the tube (probably $1,000 each for 
small quantity production) and the design 
requirements for the dissipation of heat 
(about five per cent of rated power from the 
cathode) were two major problems with 
which to be contended. He described the 
steady power output possibilities as ranging 
from 0.1 to 5 kw, the pulse power or in- 
stantaneous output as ranging from 100 to 
3,000 kw, with an efficiency of approxi- 
mately 50 per cent. Aside from radar, the 
magnetron is considered to have possible 
applications in the communications field in 
connection with radio relay links, in indus- 
trial heating, and as a source of high power 
at high frequency for various research pur- 
poses. The pulse magnetron is not useful as 
a continuous-wave source. 

‘**Electron- and Jon-Beam Instruments” 
by G. W. Dunlap (M ’42) General Electric 
Company, Schenectady, N. Y. Modern 
beam-type instruments are dependent on a 
number of requirements common to nearly 
all. These are: an evacuated space; 
source of charged particles; means for pro- 
jecting these particles; beam control; and 
means for utilizing beam. From the dis- 
covery of vacuum technique in 1650, the 
discovery of charged particles in 1853, and 
Edison’s observation in 1883 of the famous 
“Edison Effect,” the author traced the con- 
tinuity of fundamental principle and tech- 
nique in the successive development of 
various electron-beam and ion-beam de- 
vices ranging from the oscillograph to’ the 
mass spectrometer to the cyclotron—beta- 
tron-synchrotron family of accelerators. 

‘**The Life of Electronic Devices Used by 
United States Army Air Forces” by A. P. 
Upton (nonmember) Minneapolis-Honey- 
well Company, Minneapolis, Minn. 
Stating that war experience showed con- 
clusively that electron tubes are by far the 
weakest link in the entire chain of elec- 
tronic control and other equipment, the 
author urged that designers and manu- 
facturers take the steps necessary to make 
industrial electronic components “‘so rugged 
and so dependable that they can be soldered 


into the equipment circuits as easily and - 


assuredly as one can now solder in a resistor 
or capacitor.” 


CONFERENCE ON POWER TRANSMISSION 
AND DISTRIBUTION 


The paper on single-pole relaying and 
reclosing on a 132-kv system attracted con- 
siderable attention. It gave the first com- 
plete record over a number of years of a 
new development in tranmission engineer- 
ing. Problems of rural electrification al- 
ways seem to produce extended discussion, 
and this conference was no exception. 
Technical problems requiring solution re- 
late to production of reliable low-cost de- 
vices for sectionalizing lines and to proper 
co-ordination of fuses and circuit reclosers. 
F. V. Smith (M ’38) Sargent and Lundy, 
Engineers, Chicago, Ill. presided over the 
conference. 
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plication 
sively used 
for the protection of reactors and 
transformers, an application for whi 
ferentially connected electromagne 


States. Whenever a fault in a transformer 
is beginning to form, heat is produced 
locally which leads to decomposition of in- 
sulating material with consequent produc- 
tion of gas. The nonelectrical relay is de- 


signed to be operated by the change in pres- 


sure within a transformer tank that is 
caused by the gas generated. Advantages 
of simplicity and sensitivity are claimed for 
the gas-operated relay. 

“Rural Electrification in Iowa” by C. M. 
Stanley (M ’40) Stanley Engineering Com- 
pany, Muscatine, Iowa. In the nine years 
from June 30, 1936, to June 30, 1945, the 
rural consumers served in Iowa increased 
from 24,700 to 124,900. This electrical serv- 
ice is being provided primarily by pri- 
vately owned utilities and by co-operatives, 
with a comparatively insignificant part by 
municipalities. Statistically, 39.8 per cent 
of the consumers are served by private 
utilities, 55.8 per cent by co-operatives, 3.2 
per cent by municipalities, and 1.2 per cent 
by miscellaneous sources. Ten years ago 
an average monthly consumption of 100 
kilowatt-hours per consumer was a goal 
toward which to work, whereas now the 
planning is in terms of from 300 to 700 kilo- 
watt-hours per month per customer. An 
intense demand for electrical service by 
‘practically every Iowa farm” is reported, 
including farmers who scornfully declined 
electrical service initially. 

‘Experience With Single-Pole Relaying 
and Reclosing on a Modern 132-Kv Sys- 
tem” by J. J. Trainor (nonmember) and C. 
E. Parks (M ’45) Public Service Company 
of Indiana, Inc., Indianapolis, Ind. In 
March 1941, the Public Service Company 
of Indiana placed in service, on an impor- 
tant 50-mile 132-kv intersystem tie line, a 
revolutionary installation of single-phase, 
or so-called single-pole, reclosing. This 
type of reclosing differs from the traditional 
three-pole reclosing in that, in the event of 
a single-phase-to-ground fault on the line, 
only the faulted phase is tripped open and 
then reclosed simultaneously at both ter- 
minals of the line. Experience has shown 
that for the short interval of time during 
which the faulted phase is open, either the 
parallel transmission line paths, or the 
ground itself, will assume the load current 
of the interrupted phase. Single-pole 
switching has permitted the transfer of 
large blocks of power over the lines so 
switched with less chance of system insta- 
bility during faults which are confined to 
only one phase and ground, a condition 
which accounts for some 75 per cent of this 
company’s transmission line faults for the 
type of line involved. 

“Calculation of Power System Losses by 
Formula Using Constants Determined by 
the Network Analyzer” by J. B. Ward 
(A ’40) Purdue University, Lafayette, Ind. 
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lays commonly are used in the United — 


= T 
It is often necessary or desirable to deter- 
mine the losses in a power system network 
for the purpose of forming operating sched- 
ules, for system planning, for interchange 
billing, or for other reasons. Ordinarily, 
the calculation of losses in a complicated 
power network is a lengthy and arduous 
task, perhaps involving a network-analyzer 
study of various operating conditions to de- 
termine the power flow and subsequently 
the making of line-by-line calculation of 
the /?R losses. This paper presents a 
method whereby a formula for a given sys- 
tem is derived from a special network 
analyzer test, and the formula subsequently 
used to determine directly the total trans- 
mission loss for a large variety of operating 
conditions without further use of the ana- 
lyzer. In this loss formula, the principle of 
superposition is utilized to let one set of 
' analyzer studies serve to establish the line 
flow for a wide range of generating sched- 
ules with a given set ofloads. The formula 
expresses the total loss as a function of sta- 
tion and tie-line kilowatt and kilovar load- 
ings and corresponding bus voltages, in- 
formation which is obtainable readily from 
_ station log sheets. The accuracy of this 
method is difficult to evaluate in general 
terms, inasmuch as errors depend to a large 
extent upon the assumptions and simplifica- 
tions made in any specific case. 

“Trends in Rural-Line Sectionalizing” 
by R. F. Quinn, (M’44) of the General 
Electric Company, Schenectady, N. Y. 
The enormous growth of farm use of elec- 
tricity carries with it not only the responsi- 
bility but the economic necessity of assuring 
to farms a high quality of electric service. 
An electrified farm is an industry and it 
must be able to rely upon dependable elec- 
trical service. Ideal protection of rural lines 
would be obtained by the proper combina- 
tion of oil circuit reclosers and fuse cutouts. 
The first step would be the application of 
enough oil circuit reclosers to handle all 
nonpersistent faults occurring anywhere on 
the system. Because the protective orbit 
of a recloser normally covers an extensive 
part of the system, this application of re- 
closers would result in relatively long sec- 
tions of main lines, and would leave 
most branch-line taps unsectionalized. 
The second step, therefore, would be the 
application of enough fuse cutouts to sup- 
plement the reclosers by dividing the system 
into relatively short sections and by pro- 
tecting all branch taps, so that a persistent 
fault would be isolated and its effects lim- 
ited to a decidedly smaller section of the 
system that would be possible by reclosers 
alone. Proper co-ordination between the 
reclosers and the fuses would be required to 
assure that: (1) the reclosers handle all 
nonpersistent faults anywhere on the 
feeder; (2) the fuses do not blow on non- 
persistent faults; (3) the fuses do blow to 
isolate persistent faults. Dependable co- 
ordination of this kind has been obtained on 
urban feeders, using station-type circuit 
breakers controlled by induction type vary- 
inverse-time-overcurrent relays. What the 
industry needs today is a recloser for rural 
line applications that will co-ordinate with 
fuses with the reliability of performance 
of station-type equipment. 
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CONFERENCE ON INDUSTRIAL POWER 
: APPLICATIONS 


John M. Webb (A°35) head of the de- 


partment of electrical engineering, Eli 
Lilly and Company, Indianapolis, Ind., 
presided over the conference on industrial 
power applications. In general it could be 
concluded that electronic control of motor 
drives in conjunction with individual ma- 
chine drives, is going to be more and more 
important to the industrial electrical en- 
gineer. The protection of plant equipment 
and distribution systems from lightning, 
and means of providing a flexible power 
distribution system also will receive consid- 
erable attention. 

“Multiple Generator for Paper Ma- 
chines” by G. E. Plaisted (A ’46) General 
Electric Company, Schenectady, N. Y. It 
definitely is recognized that paper and 
paper products play a large part in our 
economics today. The usage is a bench 
mark to determine the level of our standard 
of living. The paper and paper products 
industry provides almost 400 pounds of this 
material annually per capita in the United 
States. This is several times the amount 
available in any other country. The poten- 


tialities of paper and paper products began 


to be recognized shortly after World War I. 
To increase production required more 
machines or machines of higher speeds or 
greater width. Chemical engineers devel- 
oped processes for preparing the cellulose 
fibers in greater quantities and from ma- 
terials heretofore considered inferior, and 
power engineers were faced with the prob- 
lem of providing means of driving wider 
machines at higher speeds. For economic 
reasons, a paper machine was required to 
operate over wide speed ranges in order to 
make various weights and grades of paper. 
Mechanical drives involved line shafts, 
combinations of cone pulleys and belts for 
speed adjustment of individual paper 
machine sections, and gears and clutches 


for obtaining exact roll speeds and provid-. 


ing means of starting and stopping individ- 
ual sections. Electrical engineers recog- 
nized the possibility of driving individual 
sections by individual motors, thereby 
eliminating heavy mechanical parts. Be- 
cause its speed is a function of field flux and 
applied voltage, the d-c motor had inherent 
characteristics which made it particularly 
adaptable to a co-ordinated drive. The de- 
signers problem became one of maintaining 
an accurate speed relation among each of 
the several motors involved. The early 
sectional drives utilized one generator with 
individual motors, their speeds being main- 
tained by field control. A further improve- 
ment in performance can be obtained by 
using an individual generator for each 
motor. 

“Lightning Protection for Industrial 
Plants” by A. M. Opsahl (M ’41) Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa. On the basis of statistical aver- 
ages, an industrial structure from 60 to 100 
feet high and 100 by 100 feet in ground plan 
standing above a level plane may expect to 
receive a lightning discharge once in four 
or five years, or, in other words, one in 
some five such structures may expect a dis- 
charge each year. Surrounding objects 
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will reduce the probability of direct hits, 
and the structural damage will depend 
upon the nature of the structure and pro- 


tective installation if any. The installation | 


of electric equipment used in industrial 
service usually is of the dry type with low 
factors of strength over normal voltage 


ratings. This fact makes it especially de- _ 


sirable with reference to industrial installa- 
tions to use lightning rods and diverters to 


carry off direct strokes and surges, and to. 
use lightning arresters specially designed 


and adapted to industrial service. 
“Automatic Contouring Control” by J. 
M. Morgan, Jr. (nonmember) General 
Electric Company, Schenectady, N. Y. 
When used with the proper type of ma- 
chine tool, this special type of control 
makes possible the machine duplication of 
work pieces of odd shapes by duplicating or 
reproducing the contour or shape of a mas- 
ter pattern or template. The electronic 
contouring control system described at 
Indianapolis combines basic electronic and 


magnetic circuits into a wholly electric 


and highly accurate system which provides 
constant speed of tool travel, great flexibil- 
ity of control of machines, and continuous 
instead of step-by-step control. The elec- 
tronic contouring control system operates 
as a “closed loop” system or, more specifi- 
cally, as a “positioning follow-up” control 
system. Signal voltages generated in the 
tracing head by deflection of the tracing 
head stylus are used to operate the system. 
These signal voltages are fed into the con- 
touring control desk where they are ampli- 
fied and operated upon. The two resulting 
direct output voltages are fed into the 
motor-control circuits which in turn con- 
trol the corresponding feed motors, which 
drive the tracing head—as well as the 
tool—so that the stylus follows the edge of 
the template. As there is a fixed mechani- 
cal relationship between the tool and the 
tracing head, and also between the work- 
piece and the template, the tool will dup- 
licate on the work piece the contour of the 
template. 

‘‘A Demonstration of Industrial Distribu- 
tion Systems” was given by H. G. Barnett 
(M’41) Westinghouse Electric Corpora- 
tion, East Pittsburgh, Pa., displaying the 
comparative characteristics of radio and 
network distribution systems for industrial 
plants. The demonstration showed graph- 
ically, through the operation of a simulated 
industrial-plant system arranged on a panel 
board, that although the radial type of dis- 
tribution system is less expensive to install 
and somewhat simpler physically, the net- 
work type of plant distribution system in- 
troduces an element of flexibility and free- 
dom from interruption shutdown that very 
well may more than justify the initial in- 
strument of expense. With the network 
system, any faults occurring in plant units 
are isolated quickly without interrupting 
other units; faults occurring between 
plant units are isolated without interrupting 
any units; repair, maintenance, and testing 
of elements of the plant distribution system 
can be accomplished at any time—even a 
transformer can be replaced—without in- 
terrupting the operation schedule of the 
plant. 
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CONFERENCE ON COMMUNICATIONS 


The communication session was devoted to 
radio communication except for one paper 
on networks containing vacuum tubes. J. 
J. Pilliod (F °34) American Telephone and 
Telegraph Company, New York, N. Y. was 
chairman of the communications section. 

“Manufacturing Problems of Air-borne 
Transmitter Equipment” by J. A. Green 
(A’42) Collins Radio Company, Cedar 
Rapids, Iowa. The various problems stem- 
ming from the peculiarities of aircraft in- 
stallation lead to certain manufacturing 
problems. Factors of vibration, altitude 
which affects temperature and pressure, 
and power supply all must be taken into 
consideration. 

‘Phenomenon of Microwaves,” a visual 
demonstration by H. R. Gruelle (nonmem- 
ber) Indiana Bell Telephone Company, 
Indianapolis, Ind., supplemented the paper 
on the microwave relay system by showing 
some of the characteristics peculiar to mi- 
crowaves. 

‘Analysis of Four-Terminal Networks 
Containing Vacuum Tubes” by Wilton R. 
Abbott (A ’40) Iowa State College, Ames. 
Analysis and synthesis of four-terminal net- 
works and systems of networks when these 
networks are linear, passive, and bilateral 
has been greatly facilitated by their study as 
a class without regard for their actual in- 
ternal structure. It would seem that such a 
treatment of networks containing vacuum 
tubes would be of equal value. The 
method consists of determining four inde- 
pendent parameters of the circuit. Choice 
of equations depends on circumstances. In 
some cases if the complete circuit can be 
broken up into several interconnected four- 
terminal networks, it undoubtedly will be 
easier to determine the characteristics of 
each element and combine them. 

“Mobile Radiotelephone Service” by 
J. G. Harden (nonmember) Indiana Bell 
Telephone Company, Indianapolis, Ind. 
Many of the requirements involved in pro- 
viding the radio portions of mobile radio- 
telephone systems for use in common car- 
rier service are similar to those encountered 
in city and state police and power company 
systems. Additiona] problems are imposed 
on a system which must provide satisfactory 
communication between mobile units and 
instruments in a regular wire network. 
Most of the special requirements of such a 
system are incorporated in a control ter- 
minal which provides for combination of two 
radio-derived one-way transmission paths 
into a single two-way circuit; combination 
of various receiver outputs delivered to the 
terminal by wire lines; introduction of 
fixed gain as required by transmitting and 
receiving branches; introduction of auto- 
matic gain in transmitting branches to 
maintain optimum modulation; provision 
of necessary features for switchboard opera- 
tion; monitoring of emissions and fre- 
quency of the stationary transmitter; and 
provision of various test functions. These 
requirements are those of a primarily urban 
system, 

‘*A Multichannel Microwave Radio Re- 
lay System” by H. S. Black (F 41), J. W. 
Beyer (M ’36), T. J. Grieser (nonmember), 
F, A. Polkinghorn (M ’39) Bell Telephone 
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Laboratories, Inc., New York, N. Y. ree 
eight-channel microwave relay system used 
by the Army and Navy uses frequencies 
approaching 5,000 megacycles. The waves 


are concentrated into a sharp beam and do 


not travel along the earth much beyond 
seeing distances. Because the waves are 
sharply focused other systems in the vicinity 
can operate on the same frequency and only 
one four-millionth of the power required by 
a nondirectional antenna is needed, Al- 
though this equipment was designed for 
military use its basic principles and design 
features can be applied to telephone 
and telegraph communication. Sharply 
beamed radiation and reception, pulse 
modulation, and time division multiplex 
are all factors which make the system at- 
tractive in competition with other communi- 
cation systems. Electrical Engineering 
November 1946, volume 65, page 516, 
carries an article on this subject by F. 
B. Bramhall (F 44) The Western Union 
Telegraph Company, New York, N. Y. on 
‘Radio Relays for Telegraphy.’’ 


CONFERENCE ON INDUSTRIAL CONTROL 


Two papers which evoked especial in- 
terest at this meeting were the ones on in- 
duction motor contro] and a-c magnets. 
The paper on induction motor control was 
apparently based on much development 
work and represents one approach to the 
problem of variable speed a-c motor drives. 
Possibilities which drives of that general 
nature offer undoubtedly will lead to fur- 
ther development involving induction 
motors under unbalanced conditions. The 
paper on a-c magnets presented much in- 
formation with regard to a-c magnet per- 
formance which is not generally known. 

Session Chairman R. W. Jones (A’42) 
associate professor of electrical engineer- 
ing, Northwestern University, Evanston, 
Ill, stated that the gap which exists between 
textbooks and periodical literature is a 
difficult hurdle for the young engineer and 
that it might be advisable for the Institute 
to sponsor sessions of an educational nature 
on a variety of specialized topics at the 
annual meetings. He also observed that 
there is little material available on a-c mag- 
net design outside the field and that the In- 
stitute could well serve the members if pub- 
lication of such material could be arranged. 

“Trends in Co-ordinated Control” by 
G. A. Moffett (M ’44) General Electric 
Company, Schenectady, N. Y. Ranking 
very highly in the long list of control activi- 
ties are “co-ordinated control equipments” 
which have offered great improvements 
through increased output in continuous 
processes such as for paper, textiles, rubber, 
and steel. With mechanical systems com- 
prising single motors, line shafts, gear re- 
ducers, couplings, and power take-offs, the 
devices for adjusting speed, entry, wind-up, 
tension, and so forth are not self-regulating 
and frequently must be readjusted manu- 
ally. The electronic sectionalized drive has 
replaced the mechanically coupled system 
and makes possible a more simplified and 
flexible setup which is self-regulating and 
continuously adjustable. Co-ordinated 
control equipment has many applications 
other than sectionalized drive. These in- 
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ardization of functions and their 
components without hindrance to flexibil- 
ity of application. 
“Control of Slip Ring Motors by Means 
of an Unbalanced Primary Voltage” by N. 


L. Schmitz (A ’43) Cutler-Hammer, Inc., 


Milwaukee, Wis. Present applications of 
the unbalanced primary speed control for 
slip ring induction motors include crane 
and drawbench installations where a high 
lowering or return speed and braking action 
for slowdown is desired. To obtain the re- 
quired unbalanced voltages for operation 
an autotransformer suitably tapped is 
used. As is true of any apparatus, this 
equipment has limitations. Most talked of 
limitation is heating of the motor. Current 
values of 200 to 250 per cent are encount- 
ered in the primary phases at slow speeds, 
but this is also true of armature loop cur- 
rents in d-c motors. Even with a more 
severe duty cycle than the 15 seconds on and 
45 seconds off specified by the American 
Standards Association undue heating is im- 
probable, because coils adjacent to the hot 
winding are cooler thus facilitating heat 
transfer, and temperature equalizes rapidly 
when the motor is operating with balanced 
currents under load or when it is at rest. 
This is claimed to have proved true in tests 
as well asin theory. A wider speed range is 
possible if capacitors are used in the second- 
ary circuit in place of the usual resistors. 
Use of inductance in series with the capaci- 
tance in the secondary permits further re- 
duction in speed. In order to obtain large 
secondary current at high power factor for 
maximum torque at low speed the values of 
inductance and capacitance are selected to 
approach series resonance at the frequency 
of induced secondary currents. 

‘**Problems in Design of A-C Magnets and 
Solenoids” by L. T. Rader (M ’43) Illinois 
Institute of Technology, Chicago. Al- 
though a-c magnets have existed for some 
time, little has been published about their 
design. An attempt is made to present for 
consideration some of the difficult problems 
involved. To facilitate a strictly analytical 
solution for the design of a-c magnets sev- 
eral assumptions are usually made: flux 
varies directly with current, saturation «is 
disregarded; leakage flux is neglected; 
iron losses are neglected; voltage drop is 
neglected. These assumptions are so bad 
that a solution dependent on them is very 
misleading. In order to design a magnet 
certain specifications must be furnished the 
designer. He must know the load displace- 
ment curve, duty cycle, quiet pull required 
in the sealed position, mechanical life, di- 
mensions to which the device must con- 
form, and the maximum volt-amperes 
which can be drawn from the line. The de- 
sign problem consists of two parts—con- 
ditions when the magnet is closed or sealed 
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and conditions when the magnet is open. 


The problems encountered with the magnet _. 


in the closed position are all involved with 
those factors producing heat. Conse- 
- quently voltage and steel are important in 
these considerations. For the open position 
force of the magnet is a major consideration 
and the leakage path assumes great impor- 
tance. Few data are available on factors 
affecting leakage and volt-ampere data are 
used as a substitute. A rigid requirement 
of magnets in the closed position is that 
they must be quiet. Saturation is involved 
in this problem and it immediately deviates 
from a rigid analytical solution. Also im- 
portant is the mechanical life. Rapid accel- 
eration which results from the device being 
able to operate at 85 per cent voltage pro- 
duces high impact forces. Repeated ap- 


plication of such forces introduces many 


problems of mechanical nature to design. 


CONFERENCE ON BASIC SCIENCES 


A variety of subjects was covered in the 
session on basic sciences, of which K. W. 
Miller (M ’?29), Armour Research Founda- 
tion, Chicago, IIl., was chairman. 

“The Electronic Numerical Integrator 
and Computer” by T. K. Sharpless (A 44) 
University of Pennsylvania, Philadelphia, 
Pa. Need of the United States Army 
Ordnance Department Ballistic Research 
Laboratories at Aberdeen, Md., for a 
machine capable of rapidly performing 
calculations for preparation of firing tables 
initiated work on the electronic numerical 
integrator and computer. The machine, 
built at the University of Pennsylvania, 
Moore School of Electrical Engineering, 


was made sufficiently flexible to enable it 
to be applied to a variety of problems other 
than exterior ballistics, which involve 
numerical integration. Considerable work 
is required to prepare problems for solution 
but once the mathematicians have done 
this the machine performs the computa- 
tions extremely rapidly. Comprising the 
machine are 20 accumulators, which per- 
form the functions of addition, subtraction, 
and storage of numbers; 3 function tables, 
which permit looking up of functional 
values of empirical data; a high-speed 
multiplier; a divider-square rooter; a 
constant transmitter, which works with an 
International Business Machines card 
reader; and a transmitter which uses an 
IBM card punch. Also provided are the 
master programer, cycling unit, and ini- 
tiating unit which control the operations of 
the machine. 

“Radioactive Isotopes and Their Applica- 
tions” by G. Freidlander (nonmember) Gen- 
eral Electric Company, Schenectady, N. Y. 
Radioactive tracers have been employed 
for several purposes which include study of 
the behavior of minute quantities of mate- 
rial; study of exchange reactions; tracing 
of an element through chemical changes, 
which is useful in organic syntheses, ana- 
lytical separation processes, and a multitude 
of biological researches; and for following 
migration of material. The latter purpose 
has found use in diffusion studies, investi- 
gations of corrosion and wear, and appli- 
cations to process control. Limitations in 
application are determined by the half-life 
of the isotope, the chemical form and 
amount in which it is available, the type 
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Conference Papers Digested 


For the purpose of giving AIEE members 
a brief cross section indicating the scope 
and nature of the 57 scheduled technical 
subjects discussed at the second National 
Electronics Conference in Chicago, October 
3-9, 1946, the following brief digests are 
presented, drawn primarily from informa- 
tion furnished by the authors. Except to 
the extent that individual authors may have 
extra copies of their papers these papers are 
not individually available. ~All these 
papers are scheduled to be published in the 
“Proceedings” of the second National 
Electronics Conference, which currently is 
in production and is expected to be avail- 
able for distribution early in 1947. Persons 
interested in securing copies of the “Pro- 
ceedings” should take action immediately, 
forwarding a request and a remittance of 
$3.50 to E. H. Schulz, secretary, National 
Electronics Conference, Inc., Technology 
Center, Chicago 16, Ill. 
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TELEVISION 

“Color Television—Latest State of the 
Art,” by P. C. Goldmark (M ’45) Colum- 
bia Broadcasting System, was presented as 
an oral dissertation covering calculations 
and performance characteristics of the 
equipment and procedures currently in- 
volved in developing color television. 

“Westinghouse Color Television Studio 
Equipment” by D. L. Balthis of the West- 
inghouse Electric Corporation, described 
equipment patterned after the color tele- 
vision studio equipment designed and de- 
veloped by the Columbia Broadcasting 
System in New York, N. Y. The studio 
equipment consists of the electrical and 
optical equipment required to convert a 35 
millimeter color slide, or a 16 millimeter 
color film and its associated sound, into 
signals suitable for input to an ultrahigh- 
frequency color television transmitter utiliz- 
ing three primary colors. Sound and pic- 
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and energy of radiation, and the activity 
per unit weight necessary. The method 
by which an isotope is produced must be 
considered because it usually determines 
the available specific activity. 

“Tatest Developments in High Energy 
Physics” by Karl Lark-Horovitz (non- 
member) Purdue University, Lafayette, 
Ind. As an outcome of war developments 
many physicists have become interested in 
electronic devices, and particularly a great 
many physicists whose main interest was 
and is in the field of nuclear and high 
energy physics or cosmic rays. These men, 
using techniques developed during the 
war, have shown that new devices can be 
built using such engineering methods as 
have been available in the high-frequency 
fields in radar development. Applying 
these ideas successfully to the acceleration 
of particles, they designed and built devices 
which promise to produce high energy 
protons of the order of 40 to 100 million 
volts in the so-called linear accelerator, 
high energy electrons in a device which is 
called the synchrotron, and high energy 
deuterons in the frequency-modulated 
cyclotron. These developments promise to 
open an entirely new field in nuclear physics 
research, 

“Solar Electron Radiation and Its Effect 
on Power Transmission and Communica- 
tions” by Doctor J. T. Wilson, Allis-Chal- 
mers Manufacturing Company, Milwaukee 
Wis. Almost everyone has witnessed the 
effects of sunspot activity in disruption of 
radiobroadcasting during magnetic storms. 
The effect of solar electron radiation has 
had its effect on power transmission as well. 


ture signals are transmitted on the same 
carrier frequency, with special arrange- 
ments for color synchronization. 

“Television Transmitter for Black-and- 
White and Color Television” by Norman 
Young of the Federal Telecommunication 
Laboratories was descriptive of the equip- 
ment indicated. 

‘“‘Stratovision System of Communication” 
by C. E. Nobles of the Westinghouse Elec- 
tric Corporation and W. K. Ebel of The 
Glenn L. Martin Company was descriptive 
of the experiments and plans that are being 
directed toward the development of a series 
of air-borne television transmitting stations 
intended to serve most of the United States 
from a small number of points. It is con- 
templated that a network of eight airplanes 
flying at a height of 30,000 feet and some 
400 miles apart will be able to perform a 
service that would require 100 ground relay 
stations 35 miles apart. 
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“‘The Electrostatic Image Dissector” by 
H. Salinger of the Farnsworth Television 
and Radio Corporation describes a tube 
which uses magnetic focusing but which 
achieves scanning by electrostatic rather 
' than magnetic deflection. The theory of 
this tube as worked out indicates that dis- 
tortions are greatly reduced as compared 
with the conventional method of operating 
a dissector. The scanning generators are 
of the so-called “bootstrap” type. Deflec- 
tion is accomplished by means of several 
wires (12 in the present tube) disposed 
axially inside the tube. The two scanning 
sawtooth voltages are applied in different 
proportion to each of these wires. 

“The Use of Powdered Iron in Television 
Deflecting Circuits’ by A. W. Friend 
(M’39) of the Radio Corporation of 
America. The horizontal deflection of 
electron beams in television systems hereto- 
fore has required excessive energy dissipa- 
tion and expensive circuit components. 
For deflection by magnetic means, the de- 
flection transformer and yoke have pre- 
sented serious problems in the economical 
design of television receivers. Now, low- 
loss systems have been constructed which 
require no additional electric energy and 
which provide large increases in deflection 
capability. Also, the development of 
transformer and yoke cores molded from 
powdered iron have resulted in appreci- 
able cost reductions as compared with sheet 
or strip-metal types. Molded core struc- 
tures produce negligible acoustic radiation 
in comparison with laminated core struc- 
tures. A low-cost system has been con- 
structed to provide deflection of a 27-kv 
electron beam, yielding maximum picture 
size on a 60-degree kinescope driven by a 
single 6BG6G beam tetrode. 

“Television Equipment for Guided Mis- 
siles’ by C. J. Marshall, Wright Field, 
Ohio, and Leonhard Katz of the Raytheon 
Manufacturing Company, outlined experi- 
ments with lightweight transmitting equip- 
ment begun as early as 1941 by the Army 
Air Forces at Wright Field. 


ELECTRONIC INSTRUMENTATION 


“A Method for Changing the Frequency 
of a Complex Wave” by E. L. Kent of 
C. G. Conn, Ltd. This method is appli- 
cable in tone analysis, tone synthesis, 
psychological studies in tone quality, and 
other similar studies. The frequency of a 
complex wave may be changed by the use 
of a special cathode-ray tube or by the use 
or ordinary radio tubes utilized in special 
circuit arrangements. 

“Detectors for Buried Metallic Bodies” 
by L. F. Curtis (F’29) of the Hazeltine 
Electronics Corporation, briefly outlines 
some of the problems encountered in the 
development of a detector for the Engineer 
Corps of the United States Army under the 
supervision of the National Defense. Re- 
search Council. 

“The Pressuregraph” by A. Crossley of 
the Electro Products Laboratories, Inc. 
This device is an electronic instrument for 
indicating in a linear manner the static or 
dynamic pressure of an internal combustion 
engine, pump, or other pressure device. 
The Pressuregraph consists of a diaphragm 
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- urement. 


upon which the pressure ‘waves impinge, 


the diaphragm being part of an electric 
capacitor. Movement of the diaphragm 
results in change in capacitance which in 
turn actuates a bridge or electronics cir- 


cuit causing modulation of a high-frequency — 


carrier, the modulated wave being ampli- 
fied and delivered to a cathode-ray oscillo- 
graph which in turn presents a visual trans- 
lation of the pressure-time picture that is 
the indicator card of the device being in- 
vestigated. 

“The Notch Wattmeter for Low-Level 
Power Measurement of Microwave Pulses” 
by D. F. Bowman of the Hazeltine Elec- 
tronics Corporation presents a review of the 
basic methods of microwave power meas- 
In the “notch wattmeter,” a 
method is employed whereby the radio- 
frequency pulse of unknown amplitude is 
matched in amplitude with an interrupted 
continuous-wave signal. The interrupted 
portion, or notch, of the continuous-wave 
signal is adjusted to equal in length and to 
coincide in time with the unknown pulse. 
This adjustment facilitates accurate match- 
ing of amplitudes. The amplitude of the 
combined signal, as measured by an aver- 
age power-indicating instrument, therefore 
is an accurate measurement of the peak 
pulse power of the unknown radio-fre- 
quency signal, 

“The Mechanical Transients Analyzer,” 
by G. D. McCann (M ’44) of the Westing- 
house Electric Corporation presented a 
brief description of the Westinghouse Elec- 
tric analog computer which was developed 
for the solution of complex algebraic and 
and differential equations. The differen- 
tial equations specifying the physical system 
are represented by electric circuit param- 
eters such as resistors, inductors, and ca- 
pacitors. The variables of the system are 
represented by currents and voltages. 
Electronic amplifier circuits are used to 
represent negative impedance elements or 
energy sources, such as required for servo- 
mechanisms. Special electronic . circuits 
and techniques have been developed to 
produce arbitrary steps of excitation func- 
tions and initial or boundary conditions. 

“High-Performance Demodulators for 
Servomechanisms” by K. E. Schreiner of 
the Servomechanism Laboratory, Massa- 
chusetts Institute of Technology. As the 
frequency-response range of servomecha- 
nisms is extended, the necessity for minimiz- 
ing time delays in the response of individual 
components correspondingly is increased, 
In many instances, in servomechanisms 
using a-c data transmission, one of the im- 
portant time delays is that introduced by 
the demodulator—or phase-sensitive de- 
tector—which in addition to small time de- 
lay should have the additional character- 
istic of low ripple component of output 
voltage. Normally, either of these char- 
acteristics may be attained at the expense 
of the other. A particular high-perform- 
ance circuit is described and analyzed, the 
principal feature of which is the combina- 
tion of small time delay and low ripple 
components of output voltage. The detect- 
ing element is a double-triode, the grids of 
which are excited in such a way as to estab- 
lish a bidirectional conduction path be- 


Digest of Papers 


tially a 
to change accu of th instant 
signal input. Lowe 24 

“The Theory and Design. ‘of Several - 
Types of Wave Selectors” by N. I. Korman 
of the Radio Corporation of America. A 
wave selector is a device for sampling, meas- 
uring, or injecting a traveling wave in a 
transmission line or wave guide. As a 
knowledge of the traveling waves on a 
transmission line is equivalent to a knowl- 
edge of the standing waves, and-as the wave 
selector can measure the traveling waves 
without the use of any mechanically moving 
parts, it can supplement and in many cases 
replace the more complicated standing 
wave detector. The principles of opera- 
tion of the wave detectors known as the 
long-slot, electromagnetic, reversed-cou- 
pling, and phase-indicating types are given, 
and applications discussed. 

‘An Oscillographic Method of Present- 
ing Impedances on the Reflection Coeffi- . 
cient Plane” was described in some detail : 
by A. L. Samuel (M ’34) of the University 
of Illinois. 

‘Electron Optics of Deflection Fields” 
were described by R. G. E. Hutter of 
Sylvania Electric. Products, Inc. The 
properties of electric and magnetic deflec- 
tion fields commonly used in cathode-ray 
and television tubes are discussed and 
mathematical theory expressions for the 
field quantities are given. If the assump- 
tion be made that the deflection of elec- 
trons from the optical axis is small while 
the electrons are under the influence of the 
deflecting field, the problem of finding 
general mathematical expressions for the 
deflection and for the deflection defects can 
be solved by two methods—the “path 
method” and the “Ikonal-method”— 
which are known from the theory of elec- 
tron lenses. The resulting general expres- 
sions may be applied to a number of special 
fields. 

Trends in cathode-ray oscilloscope design 
were discussed by W. L. Gaines of the Bell 
Telephone Laboratories, Inc. War de- 
mands for the development and servicing 
of radar and other equipment, and future 
demands now foreseeable, require signal 
channels which include attenuators, delay 
networks, and amplifiers capable of hand- 
ling transient wave forms, and precision 
slave start-stop sweeps with a high ratio 
of operate-restore time. Accessory cir- 
cuits such as lockout, sweep delay, and 
timing circuits have been found to be ex- 
tremely convenient for many purposes and 
essential for some purposes. Inherent dif- 
ficulties include adequate delay networks 
and signal attenuators for the signal chan- 
nel, and adequate unblanking for the sweep 
circuit. Also, cross talk between circuits 
within the oscilloscope requires careful at- 
tention to grounding paths and to by- 
passing as well as shielding. 


DIELECTRIC AND INDUCTION HEATING 


‘*Microwaves and Their Possible Use in 
High-Frequency Heating” by T. P. Kinn 
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(M44) and J. Marcum discusses the 
sources of power now available in the 
microwave region (1,500 to 30,000 mega- 
cycles) giving available power output and 
other pertinent characteristics. Coaxial 
transmission lines and wave guides were ex- 


- plained in simple terms. 


“TIgnitron Converters for Induction Heat- 
ing” by R. J. Ballard and J. L. Boyer 
(A’43) of the Westinghouse Electric 
Corporation described a new type of igni- 
tron frequency converter for melting-fur- 
nace and forging-heater applications. De- 
rived from the d-c to a-c parallel inverter 


circuit, which has been known and used for 
many years, this new circuit is called the 


“cyclo-inverter.”” Three-phase 60-cycle 
power is converted to single-phase power at 
a higher frequency by means of a single 
conversion. 

“Dielectric Preheating in the Plastics 
Industry” by D. E. Watts, G. F. Leland 
(M ’*45), and T. N. Willcox (A ’38) of the 
General Electric Company. Dielectric 
preheating is a comparatively new indus- 
trial tool in the plastic industry. By this 
means, heat is generated within plastics 
materials just prior to molding, by applying 
a high-frequency electric field. The “pre- 
form,’ thus being uniformly soft, allows 
new techniques to be used in the processing 
of thermosetting plastic materials. 

“The Problem of Constant Frequency in 
Industrial High-Frequency Generators” 
by E. Mittelmann of the Illinois Tool 
Works is related to the recent frequency al- 
location for medical and industrial genera- 
tors by the Federal Communications Com- 
mission which emphasized the problem of 
constant-frequency generators. The re- 
quirement for constant frequency poses two 
problems: 


1. To maintain a constant frequency operation. 
2. To force the generator to this frequency. 


A solution has been found in the combina- 
tion of a sharp-cutoff high-pass filter and 
a sharp-cutoff low-pass filter providing 
control voltage outputs of different polari- 
ties for frequency deviations above and be- 
low the assigned frequency. 


INDUSTRIAL APPLICATIONS 


“Large Electronic D-C Motor Drives” 
by M. M. Morack (M ’42) of the General 
Electric Company describes the application 
of electronic control equipment to d-c 
motors of 600 horsepower. ‘The electronic 
drive system provides control means in- 
cluding both the starting and the running 
of the drive motor. The functions are 
equivalent to the Ward Leonard system, in 
that an ignitron rectifier replaces armature 
voltage adjustments by field control. 

*‘Rlectronic Speed Control of A-C 
Motors” by W. H. Elliott of Cutler-Ham- 
mer, Inc., reviews briefly some of the basic 
electronic circuits which may be employed 
to control the more common types of a-c 
motors, such as the drag-cup shaded-pole, 
universal, and wound-rotor motors. 

“The Electronic Method of Contouring 
Control”? by J. Morgan of the General 
Electric Company. Contouring control is 
basically the following of a master template 
or pattern by a stylus or tracer. Using 
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signals generated by the tracer, other por- 
tions of the contouring system control the 
mechanism, so that the cutting tool repro- 
duces the contour of the template on the 


work. ‘This electronic system uses a new 


combination of basic electronic circuits to 
obtain the desired controls. _ 

“Production Test Facilities for High 
Power Tubes” by W. L. Lyndon and B. 
Sheren of the Radio Corporation. of 
America described an equipment and in- 
stallation which was engineered and de- 
signed especially for the testing’ of power 
tubes. The physical size of high power 
electron tubes, plus the magnitude of volt- 
ages, currents, and power outputs encoun- 
tered, necessitate the design of special 
equipment for the testing of these tubes. 
Flexibility in such equipment is essential. 


ANTENNAS AND WAVE PROPAGATION 


“Radio Propagation at Frequencies 
Above 30 Megacycles” by K. Bullington 
of the Bell Telephone Laboratories, Inc. 
Radio propagation is affected by many 
factors, including the frequency, distance, 
antenna height, curvature of the earth, 
atmospheric condition, and the presence of 
hills and buildings. The influence of these 
factors is represented in nomograms, by 
means of which an estimate of the received 
power and the received field intensity for 
a given point-to-point radio transmission 
path ordinarily can be obtained in one 
minute or less. 

“Interference Between Very High Fre- 
quency Radio Communication Circuits” 
by W. R. Young, Jr., of the Bell Telephone 
Laboratories, Inc. Interference between 
different radio circuits is an old problem, 
one which generally has been solved in the 
past by trial and error and by ‘“hand- 
tailored” special filters and other equip- 
ment. With the general increase in the 
usage of radio communication, the amount 
of potential interference is greatly increased. 
Generally there is a large difference be- 
tween transmitting and receiving energy 
levels. As a result, spurious radiations, 
spurious responses, and lack of sufficient 
receiver selectivity may in many instances 
cause interferences. Common causes of 
such interferences are discussed. Sample 
measurements are given to illustrate the 
relative magnitude of the various modes of 
behavior. Formulas are given which per- 
mit computation of the frequency of these 
disturbances. A method is described for 
making charts suitable for a given type of 
equipment from which the spurious fre- 
quencies can be read directly as a function 
of the operating frequency. 

‘“‘Aircraft Antenna Pattern Measuring 
System” by Otto Schmitt, Airborne In- 
strument Laboratories. This is a “pack- 
aged system” for measuring the radiation 
patterns of aircraft antenna by the use of 
scale models. 

‘“Tmprovements in 75-Megacycle Aircraft 
Marker Systems” by B. Montgomery of 
the Northwest Airlines describes improved 
aircraft marker systems which permit air 
line pilots to follow their courses to their 
destinations with greater precision. The 
system consists of transmitters operating on 
75 megacycles with antenna systems of a 
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feasible. 


‘type which concentrate the radiation in an 


upward direction, the markers thus indi- 
cating the airplane position in relation to 
range stations on the ground. 

“Problems in Wide-Band Antenna De- 


sign”? were discussed by A. G. Kandoian 


(A ?40) of the Federal Telecommunication 
Laboratories. With the increased use of 
higher and higher frequencies, the problem 
of wide frequency range operation of an- 
tennas of various types assumes more im- 
portance, and its solution becomes more 
The most general requirement 
is that both the impedance and radiation 
patterns be essentially independent of fre- 
quency over the operating range, whether 
applying to nondirective antennas or to 
highly directive antennas. 

‘Slot Radiators” were described and dis- 
cussed by A. Alford (M ’42) consulting en- 
gineer, Chicago, III. 

“Results of Field Tests on Ultrahigh- 
Frequency (490 Megacycles) Color Tele- 
vision Transmission in the New York 
Metropolitan Area’? were reported by W. 
B. Lodge of the Columbia Broadcasting — 
System. Since January 1946, the CBS has 
operated an ultrahigh-frequency color 
television transmitter located on top of the 
Chrysler Building in New York City. Sur- 
veys utilizing mobile recording field in- 
tensity equipment and involving operation 
of actual television receivers at a large num- 
ber of different locations throughout the 
metropolitan area, carried on continuously 
since the transmitter began operation, have 
provided considerable qualitative and 
quantitative data on: 


1. The extent of the service area. 


2. The effect of changes in height of a receiving an- 
tenna. 


3. Shadowing. 
4, Effect of trees and foliage. 
5. Stability of transmission. 


6. Location and extent of areas receiving multipath 
transmission. 


7. Efficacy of methods of eliminating “ghosts” in 
areas receiving multipath signals, 


A method of predicting possible areas of 
multipath transmission has been developed. 


FREQUENCY MODULATION 


This was a panel discussion on the de- 
sign of frequency modulation receivers. 

‘A Permeability-Tuned 100-Megacycle 
Amplifier of Specialized Coil Design” was 
described by Z. Benin of Zenith Radio 
Corporation. Small coils were designed 
that could be positioned between tube and 
switch circuit components to make a com- 
pact radio-frequency tuner with a mini- 
mum of stray inductances. Powdered- 
iron-core permeability tuning improves the 
frequency drift with temperature. A 
variable-pitched winding technique was 
used to straighten out the tuning curve of 
the core-and-coil combination. The 
lengths of core-and-coil, the winding, and 
the powdered-i -iron materials were designed 
to give a logarithmic frequency travel 
curve. By mathematical analysis such a 
characteristic was shown to enable the elim- 
ination of trimmer capacity circuit adjust- 
ment and the substitution of an initial set- 
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The circuit used i is essentially an adaptation 
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of a ‘single-oscillator double superhetero- 
- dyne. 
performs ‘the function of oscillator and first 
converter. 
second converter.. Three very ‘“Hi-Q” 
elements used for tuning the antenna, oscil- 
lator, and variable intermediate frequency, 
are provided by means of permeability 
tuned transmission lines. This adaptation 


_ of the transmission line permits the use of 


an effective 250 micromicrofarad oscillator 


_ tuning capacitance, with attendant reduc- 


tion in warm-up drift. A high order of 
temperature stability also is achieved. 

“Front-End Design of Frequency Modu- 
lation Receivers” by C. R. Miner of the 
“General Electric Company describes the 
methods used by the General Electric Com- 
pany in solving the practical problems in- 
volved in the design of the front-end of a 
frequency modulation receiver, involving 
the use of a new type of variable inductance 
tuner, together with a unique mechanical 
design. 

“A Single-Stage Frequency Modulation 
Detector” by W. E. Bradley of Philco 
Radio and Television Corporation de- 
scribes the equipment and circuit combina- 
tions developed by that company. 

“Frequency Modulation of High-Fre- 
quency Power Oscillators’ by W. R. 
Rambo of the Airborne Instrument Labora- 
tories. Practical cases arise in which it is 
desirable to frequency-modulate power os- 
cillators operating at high frequencies, and 
thereby to avoid the use of amplifying and 
frequency-multiplying stages. A common- 
grid reactance-tube circuit is described that 
has an inherent tendency to reduce inci- 
dental amplitude modulation, permits the 
use of triode reactance tubes in the very 
high frequency and the ultrahigh frequency 
ranges, and has a configuration that per- 
mits its incorporation in ultrahigh frequency 
common-grid coaxial-line oscillator cir- 
cuits. Lighthouse tube oscillators have 
been modulated over a plus or minus one- 
half per cent band, at 1,000 megacycles by 
this means; much wider band widths are 
possible in the very high frequency range. 


AIR NAVIGATION SYSTEMS 


“Automatic Radio Flight Control” by 
F, L. Moseley, Collins Radio Company, 
and C. B. Watts of the Federal Telecom- 
munication Laboratories discusses the gen- 
eral problem of automatic control of air- 
craft flights on radio-defined tracks as an 
aid to point-to-point navigation, traffic 
control, and final approach and landing. 
A brief outline is given of the various radio 
navigational facilities which are available 
to define suitable tracks for automatic air- 
craft guidance, and the paper describes 
various systems which have been tested 
extensively. Widespread adoption of auto- 
matic radio flight control systems is recom- 
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One section of a dual triode tube — 


The other section is used as the - 


tinuous and omnidirectional. Line-of- 
position indications are automatic and 
visual, corresponding to the true bearing 
of the observer, without the need of special 
charts. The fundamental features are 
designed on the basis that a minimum 
ground-station range of 1,500 miles is re- 
quired to cover the North Atlantic area and 
the other likely transoceanic and polar 
routes. The study indicates that extremely 
reliable propagation at such ranges is to 
be expected most feasibly and economically 
if low frequencies in the neighborhood of 
from 70 to 100 kilocycles are used. 
**Teleran—Air Navigation and Traffic 
Control by Means of Television and Radar” 
was presented by D. H. Ewing and R. W. 
K. Smith of the Radio Corporation of 
America. Wartime developments of radar 
technique offer a new approach to the 
problem of improving air navigation and 
traffic control, two fields in which existing 
equipment is obsolescent. Utilizing the 
special qualities of different special equip- 
ment developed originally for military 
service, the new proposed Teleran system 
presents aircraft position information to 
ground observers and controllers on a series 
of plan-position indicators. One indicator 
is used for each altitude layer, and is super- 
imposed on a map of the region covered by 
the ground radar. This information, to- 
gether with desired information of other 
factors, including weather and traffic con- 
trol, is transmitted by television to each 
aircraft in the region. Each co-operating 
aircraft is equipped with a transponder 
beacon which serves not only to reinforce 
the radar echo, but also to provide an alti- 
tude-dependent reply which allows the 
ground station operators to differentiate 
among aircraft according to altitude. 


RADIO RELAY SYSTEMS 


“A Microwave Relay Communication 
System” by G. G. Gerlach of the Radio 
Corporation of America reviews the experi- 
mental results obtained with a 4,000-mega- 
cycle radio relay system connecting New 
York and Philadelphia. This system em- 
ploys a frequency-modulated subcarrier 
which in turn is used to frequency-modulate 
the final carrier. Demodulation to the 
subcarrier frequency is effected at relay 
stations. Microwave relay equipment re- 
sulting from this experimental work which 
will be installed by the Western Union Tele- 
graph Company in a circuit connecting 
New York, Washington, and Pittsburgh is 
described. 

“Pulse-Time Multiplex Broadcasting of 
the Ultrahigh Frequencies” by D. D. Grieg 
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MICROWAVE cumeeerone 


**Continuous-Wave SEB os a 


Power at the 50-Kw Level” by W. G. Dow 
(M °32) and H. W. Welch of the University 
of Michigan describes the theory and use 
of electronic apparatus capable of generat- 
ing continuous-wave radio-frequency power 
at the 50-kw level in the frequency range 
from 350 to 600 megacycles. This equip- — 
ment was developed originally during the 
war to meet certain military requirements © 
for the jamming of German radar equip- 
ment. 

‘‘Microwave Frequency Stability” by 
A. E. Harrison of the Sperry Gyroscope 
Company. A review of the history of previ- 
ous expansions of the radio-frequency 
spectrum emphasizes the importance of 
frequency stability in any region. The 
microwave region is no exception. Several 
methods are available for providing the 
frequency stability that is essential through- 
out the radio frequency spectrum, including 
the microwave region. Direct crystal con- 
trol of the microwave power can be ob- 
tained by using klystron frequency multi- 
pliers and _ klystron power amplifiers.. 
Automatic frequency control systems also 
may be used. The reference frequency 
may be either a crystal-controlled oscilla- 
tor or a precision cavity resonator. All 
these methods are compared, and their ad- 
vantages and disadvantages discussed. 

“An All-Metal Tunable Squirrel-Cage 
Magnetron” by F. H. Crawford of Williams 
College describes the “donutron”? which is 
tuned by the relative axial displacement of 
alternate anode segments through the 
flexure of one wall of the cavity in which 
the anode structure is supported. The 
best model to date tunes over a 1.5:1 ratio 
with power flat to 3 decibels. A single 
value of voltage and magnetic field is 
adequate for the entire tuning range. Of 
the various modes of operation, two are 
important: A long-wave tunable cavity 
mode, and a short-wave resonant re- 
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entrance-line mode. | 
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_ The former can be 
suppressed entirely, and the latter can be 
enhanced by a special phase-reversing 
anode. In the line mode, the best powers 
have been observed. In cold tests, modes 
of 4 centimeters as well as indication of 
even shorter resonances have been found. 
“Design of Wide-Range Coaxial Cavity 
Oscillators Using Reflex Klystron Tubes” 
by J. W. Kearney (A °44) of the Airborne 
Instrument Laboratories describes the tech- 
niques utilized in the design of these tubes. 
The tuning range of each oscillator is ap- 
proximately two to one in frequency in the 
1,000- to 11,000-megacycle ranges. A sur- 
vey of the general requirements of such 
oscillators for use as local oscillators in 
superheterodyne receivers and as signal 
sources in test equipment is followed by a 
discussion of the suitability of reflex klystron 
tubes for those oscillators in the particular 
frequency range. The operation of reflex 


_klystrons is described with regard to their 


_method of integration. 


use over large frequency ranges, and adap- 
tation of present-day tubes to coaxial 
resonators is discussed. Design character- 
istics are outlined for optimum cavity 
dimensions, suitable contacts to the tubes, 
noncontact-short-circuiting tuning plung- 
ers, and output coupling devices. 


THEORETICAL DEVELOPMENTS 


“Bunching Conditions for Electron 
Beams With Space Charge” by L. Bril- 
louin of the Cruft Laboratory, Harvard 
University. A rigorous computation of 
electron trajectories within plane structures 
may be made, with the inclusion of space 
charge effect, by use of the Llewellyn 
These computa- 
tions can be used for a discussion of condi- 
tions leading to intercrossing trajectories 
thatis bunching. The discussion is carried 
out in this paper for a conventional plane 
diode, for a diode wherein electrons are 
injected with a given initial velocity, for a 
velocity-modulated beam, for a plane 
magnetron, and for a plane magnetron with 
velocity modulation. 

‘Generalized Boundary Condition in 
Electromagnetic Problems”. by S. A. 
Schelkunoff (M 734) of the Bell Telephone 
Laboratories, Inc. The conception of an 
idealized presently conducting boundary 
long has been helpful in simplifying electro- 
magnetic problems. The paper deals with 
a generalization of this concept and par- 
ticularly with its application to the theory 
of the magnetron. 

“Conformal Transformations in Orthogo- 
nal Reference Systems” by C. S. Roys 
(M ’45) of the Illinois Institute of Tech- 
nology. Some general equations for con- 
formal transformations which correspond 
to the Cauchy-Riemann Equations for 
Cartesian co-ordinates. These then are 
applied to shielding and to electron tube 
problems involving recurrent structures, 
leading to an equivalent, physically realiza- 
ble unit structure. This removes the neces- 
sity of obtaining an appropriate transforma- 
tion by cutting and trying. 


INFRARED AND MICROWAVE SYSTEMS 


“Reflex Oscillators for Radar Systems” 
by J. O. McNalley and W. G. Shepherd 


DECEMBER 1946 


i 


of the Bell Telephone Laboratories discusses 
problems encountered in the design of a 
series of reflex oscillators for military ap- 
plication. As an essential element of a 
radar receiver, a beating oscillator is re- 
quired to heterodyne the received signals 
to intermediate frequency. Military re- 
quirements dictated the necessity of com- 
pact simple devices for such an oscillator. 
The reflex oscillator, because of its single- 
cavity tuning control and vernier tuning 
provided by the electronics tuning, provided 
a very satisfactory solution to these prob- 
lems. 

‘“Modulation of Infrared Systems for 
Signaling Purposes” by W. S. Huxford, of 
Northwestern University. In general, the 
sources used in “‘light”? beam communica- 
tion systems are modulated in one of three 
ways. The first method—mechanical 
modulation—utilizes shutters or mechani- 
cally vibrated elements to secure variation 
in intensity of the radiated beam after the 
beam leaves its source. In the second or 
optical method of modulation, some form 
of optical shutter such as a Kerr cell is 
used. The third method consists of vary- 
ing the radiated flux generated in the source 
by electrical modulation of the power sup- 
plied to the lamp. A detailed description 
is given of the mechanical and optical 
methods of modulation used in captured 
German equipment. As an example of 
electrically modulated sources, the charac- 
teristics of a new source called the ‘‘con- 
centrated-are” lamp are described. 

“Photo Detectors for Ultraviolet, Visible, 
and Infrared Light” by R. J. Cashman of 
Northwestern University considers photo- 
electric cell developments of the past few 
years, including photoemissive, photo- 
voltaic, and photoconductive types. Pho- 
toemissive cells with caseium alloy cathodes 
have great sensitivity in the ultraviolet 
and the visible regions of the spectrum. 
Other cells of this type with pure metal 
anodes have considerable application in the 
ultraviolet region. Present-day photo- 
voltaic or self-generating cells of the 
selenium type, most commonly used for 
work in the visible spectrum, are character- 
ized by high output and good stability. 
Two new photoconductive cells of thallous 
sulphide and lead sulphide, which recently 
have been released, exhibit marked infra- 
red sensitivity and excellent stability. 

“Military Applications of Infrared 
Viewers” by G. E. Brown of the Engineer 
Board, Fort Belvoir, Va., described several 
items of infrared equipment developed by 
the Engineer Board. These items in- 
cluded the “‘Metascope,” which employs 
an infrared sensitive phosphor for detecting 
sources of infrared radiation, and an infra- 
red telescope using the 1P25 image tube for 
viewing areas which are “illuminated” by 
infrared radiation. 


SPECTROSCOPY AND MEDICAL 
APPLICATIONS 


‘The Use of Radioactive Materials in 
Clinical Diagnosis and Medical Therapy” 
by J. T. Wilson of the Allis-Chalmers 
Manufacturing Company, described the 
methods for the production of radioactive 
isotopes and reviewed methods and equip- 
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ment currently in use for inducing arti- 


ficial radioactivity by means of bombard- 


ment with neutrons, alpha particles, pro- 
tons, and gamma radiation. 
the close relationship existing between the 
growing knowledge of nuclear phenomena 
and medical research pertaining to both 
diagnosis and treatment of human ailments. 
The use of radiophosphorus and radioio- 
dine in clinical diagnosis and biological 
tracer techniques was reviewed. By the 
use of known and predetermined dosages of 
radioactive matter, it is possible now to trace 
accurately and definitely the transition and 


assimilation of such materials and of the 
materials with which they are mixed by 
With > 


both animal and vegetable tissue. 
the door to an accurate knowledge of 
atomic structure opened by the results of 
recent nuclear research, and with the op- 
portunity thus presented for discovering 
and studying the similarities, differences, 
and interrelationships of the atomic struc- 


ture of animal tissue on the one hand, and - 


of medicinal substances on the other hand 
it now seems to the observer that medical 
science at last has the opportunity and the 
facility to become an exact science. 

“The Mass Spectrometer as an Industrial 
Tool” by A. O. Nier of the University of 
Minnesota. Ten years ago, the mass 
spectrometer was but a complex laboratory 
device understood and used by only a few 
specialists working in highly scientific 
fields. Today it is an important tool in 
any laboratory or plant where gas analyses 
are required or where vacuum problems are 
encountered. It has been used as a means 
of making continuous automatic gas analy- 
ses of the process gas used in the large dif- 
fusion plant for the separation of uranium 
235. It has been used also as a tool for 
readily and rapidly locating vacuum leaks 
in plant equipment of many varieties. 
The mass spectrometer is a gas analyzer 
depending in operation upon electronic 
principles. The gas to be analyzed is 
ionized by electron impact, and the ions 
thus formed are separated by magnetic 
fields into beams according to the weights 
of the ions. From the relative intensities 
of the various ion currents, the composition 
of the gas may be deduced accurately. 

“The Cathode-Ray Spectrograph” by 
R. Feldt and C. Berkley of the Dumont 
Laboratories. This instrument produces 
complete spectral distribution curves of the 
source under test, at the rate of 240 com- 
plete spectra per second. The spectrogram 
is presented visually on a cathode-ray tube. 
The instrument was developed initially to 
facilitate the study of microsecond current 
pulses on a cathode-ray tube fluorescent 
screen, but the color of any other varying 
light source may be studied similarly. 
Provision is made for the insertion of trans- 
mission samples, chemical samples, or 
filters for calibration. Continuous record- 
ing may be accomplished through the co- 
ordinated use of a camera attachment, and 
indications may be given in positions re- 
mote from the analyzer when desired. 
Possible applications include: instantane- 
ous color matching, fluorescent lamp char- 
acteristics, spectrographic research, con- 
tinuous process control, and transmission 
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of apeenall characteristics from remote or 
inaccessible locations. 

4 RAD: DIO AND RECORDING 

“The Reduction of Background Noise in 
the Reproduction of Music From Records” 
by H. H. Scott (M ’38) of the Technology 
Corporation, Conventional 
reproducing systems used with disk records 
or other noisy sources of audio-frequency 


signals have fixed transmission character- 


istics, regardless of the instantaneous re- 
quirements for reproduction of the applied 
signal with the optimum signal-to-noise 
ratio. By the use of “gate circuits” a sys- 
tem is achieved that is selective with respect 


‘to the type of applied signal, and which 


consequently tends to attenuate circuit 
types of signals while reproducing other 
types without substantial modification. 


_ Through proper design it is possible to ob- 


tain a system which will transmit with a 
high degree of fidelity those types of signals 


wz normally encountered in vocal and orches- 


tral music, while at the same time dis- 
criminating against the usual types of back- 
ground noises such as needle scratch and 
It also allows the repro- 
duction of a greater frequency range than 
is common in conventional phonograph 
systems, thus reducing to a large degree the 
obvious difference between phonographic 
music and good frequency-modulation re- 
ception on a high grade radio phonograph 
combination. In its simplest form, the 
noise suppresser is reported as sufficiently 
inexpensive to be incorporated in a home- 
type phonograph, while the more elaborate 
version is suitable for use in broadcasting 
stations. 

‘Recent Developments in Magnetic 
Recording” by R. B. Vaile, Jr. (A ’35) of 
the Armour Research Foundation. In the 
development of an ideal magnetic recorder 
some of the serious problems involved have 
to do with 


1, The resolution of the recording head. 


2. Distortion resulting from nonlinearity of the mag- 
netization curve and other properties of the medium. 


3. Constant speed drive. 
4, Permanence of the record. 


5. Transfer of the record from one part of the medium 
to an adjacent part. 


The compromises which seem preferable 
in the present evaluation of solutions to 
these problems involve the use of 


1. Longitudinal magnetization of the medium. 
2. Speed between 0.5 and 5.0 feet per second. 


3. Supersonic “bias.” 


In addition, extensive work has been done 
on the development of special materials, 
new test equipment, and special test 
methods. 


MOBILE RADIO COMMUNICATION 


This subject was discussed by a five-man 
panel, special attention being given to 
selective calling systems and to some of the 
specific items of equipment involved. 
“Signal Systems for Improving Railroad 
Safety” were discussed by K. W. Jarvis 
(M °34) consulting engineer of Winnetka, 
Ill. 
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the temperature of an atomic reacting pile ae 


may range from a few degrees to millions 
of degrees, some of the important problems 
in the development of atomic power for 


commercial use pertain to the control of 


pile temperature and to the development 
of materials capable of withstanding ultra- 
high temperatures. Another 
problem is that of adequate shielding for 
the protection of personnel. On the basis 
of best present knowledge, regardless of the 
size of the pile, the total weight of shielding 
must be of the order of some 30 to 50 tons 
or more to suppress dangerous radioactive 
emanations. Incidental to any commercial 
development, therefore, it seems probable 
that most pile controls will be remote so as 
to keep operating personnel at safe dis- 
tances. Further, indirect heat transfer 
methods must be devised to permit heat to 
be transferred from the pile to utilization 
or conversion equipment without a corre- 
sponding transfer of dangerous and unde- 
sirable radioactive emanations. The per- 
unit cost of the energy available today 
(about 1/10 of one per cent of the theo- 
retically possible total) from fissionable ma- 
terial currently available is within reason 
and comparable with that of ordinary com- 
bustible fuels. The cost and complexity 
of conversion and utilization, however, im- 
pose other problems. It is to be expected 
that the use of atomic energy for power pur- 
poses probably will find its first application 
in naval vessels and then in commercial 
ocean-going vessels. Some observers con- 
sider that this is a possibility, if not a 
probability, within the next five years or 
so. According to the author “it may be 
possible that the further divisions of the 
nucleus will reveal that the building blocks 
of the atom are the electron and the posi- 
tron, instead of the electron, positron, and 
neutron; if so, there is a small possibility 
that some day science will learn the art of 
directing the nuclear parts in some special 
electronic tube or conductor, It is worth 
a gamble, for if this can be discovered, the 
greatest possible use and the highest pos- 
sible efficiency for nuclear energy will have 
been found.” 

*‘An Accelerator Column for Two to 
Six Million Volts’? was presented by R. R. 
Machlett. The direct acceleration of elec- 
trons and positive ions to energies of several 
million volts, using the electrostatic con- 
stant-potential generator, has become an 
important physical technique with applica- 
tions to nuclear research, deep X-ray 
therapy, and the X radiography of heavy 
metal sections. Multisection vacuum tubes 
in which charged particles are progressively 
accelerated and focused, have been de- 
veloped for such application. These ac- 
celerator columns consist of a multitude of 
planary electrodes spaced three per inch 
and separated by glass insulation. For a 
five-megavolt tube the column is 110 inches 
long and contains 330 electrodes, 

“The Betatron Accelerator Applied to 
Nuclear Physics” by E. E. Charlton 
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important — 


For example, a 


than uranium. 
atom disintegrated into hydrogen, he’ 
lithium, and several neutrons. acane 
that further significant advances at fe 
science of the atomic nucleus will dey 4 
upon discoveries in fields not yet explored, + 
Doctor Baldwin stated that “physicists - 
today are hardly nearer an understanding _ a 
of the atomic nucleus and of the nature of | 
the particles which compose it than they __ 
were several years ago, even though the 
successful development of the atomic bomb © 
may lead one to think that the fundamental _ 

questions of nuclear science all are an- : 
swered. On the one hand, the radiation or ) 


absorption of energy by the electrons in a 

radio antenna, the flow of electrons in a 
vacuum tube, and the motion of electrons 
in an atom all can be described with high 7 
precision by well-established physical theo- i 
ries based upon simple laws of the elec- 
tromagnetic fields of elementary charges | 
of electricity. On the other hand, many : 
nuclear phenomena are an almost unsolved 
riddle. The neutrons and protons which 
compose a nucleus are held together by 
extremely strong forces of very short range. 

We do not know the Jaws by which these 

forces act. We do not know what rela- * 
tionships exist, if any, between the nuclear 

and the electromagnetic fields. We know 

very little about the elementary particles 

of the nature of themselves—why there are 

so many kinds of them, how they interact 

with each other, whether they have inter- 

nal structure, why some of them are radio- 
active, and so forth.” 


This 5-kw magnetron operates at 1,050 
megacycles and is a General Electric 
Company product 
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Presented in Four 


An all-inclusive professional program and 
diversified social activities are promised for 
the AIEE winter meeting, January 27-31, 
1947, in New York, N. Y. On the social 
side, as usual, a smoker and dinner dance 
will be held. Theater tickets will be avail- 
able for out-of-town members, and special 
entertainment for women will be provided. 
Inspection trips will be arranged to places 
of interest and near-by industries. On the 
professional side technical sessions and con- 
ferences, segregated in four broad groups— 
industry, power, communication and sci- 
ence, and general applications—will cover 
practically the entire field of electrical en- 
gineering. ‘The general session will be the 
common meeting ground of all four groups. 
During the meeting, presentation of the 
Edison, John Fritz, and Hoover Medals 
willbe made. Details of the awards will be 
announced later. Meeting headquarters 
will be in the Engineering Societies’ 
Building. 


INDUSTRY GROUP 


In the industrial field conferences will be 
held to highlight problems in the textile 
industry and to discuss the optimum indus- 
trial voltages for distribution systems. A 
session on industrial instrumentation is in 
prospect, and still another session will pre- 
sent a variety of industrial power applica- 
tions. 

For the electric welding people a con- 
ference will be arranged to discuss the appli- 
cation of resistance welders and the prob- 
lems of power supply. A session on resist- 
ance welding will deal with battery weld- 
ing, the secondary impedance of resistance 
welders, and calculations on the effect of 
introducing ferromagnetic welding mate- 
rials into the throat of resistance welders, 
all of which are factors affecting the design 
of these machines. 

Metallic rectifiers, which have come into 
extended use in many industries since the 
war, will be the subject of a conference. 
The proposed standards and the proposed 
test code for metallic rectifiers will be pre- 
sented, together with other papers on this 
subject, and interested groups in the Army, 
Navy, and Air Corps will be invited to 
attend. 

Industrial control devices will be the sub- 
ject of another session, and papers will be 
presented on the design details of compo- 
nents, as well as on applications circuits of 
complete controllers. Also of interest to 
industrial engineers are a session in the 
communication and science group, dealing 
with the theoretical aspects of servomecha- 
nisms and a conference on electronic in- 
struments. 
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Main Groupings 
POWER GROUP 


A timely session is being held to revive 
interest in hydroelectric systems. A con- 
ference on interconnected systems is being 
arranged, as new problems have arisen 
in the five-year interlude since the last 
session on this subject. Considerable prog- 
ress has been made in the solution of 
these problems, which makes the subject 
pertinent at this time. 

In the field of power transmission and 
distribution, sessions are in prospect to pre- 
sent the latest information on lightning 
surges, grounding, and protective appa- 
ratus. In a session on electric machinery 
consideration will be given to the design of 
capacitor motors, the new NEMA stand- 
ards for fractional horsepower motors, as 
well as the effect of steep front waves and 
chopped waves on transformers, and short- 
circuit standards for three-winding trans- 
formers. 


COMMUNICATION AND SCIENCE 


In the field of communication three ses- 
sions and a technical conference will be 
arranged. One of the sessions will deal 
with rural telephone facilities. ‘The prob- 
lem of providing telephone service to more 
people living in rural areas is now being 
attacked vigorously from many angles. 
Papers will be presented on each of the 
many approaches being used. Included 
will be papers on the design and applica- 
tion of carrier telephone systems for opera- 
tion over rural power lines, the joint use of 
pole lines for power and telephone service, 
new methods of telephone wire construc- 
tion for rural areas, and the use of radio- 
telephone to provide rural service. 

Another session will be devoted to tele- 
vision. With more television stations go- 
ing on the air and television receivers reach- 
ing the market in ever greater numbers, 
television is in the forefront of engineering 
advances and many aspects of its progress 
will be presented at this session. Included 
will be papers on transmitter and camera 
equipment, television receiver design, color 
television, and networks for television, both 
coaxial cable and microwave radio. 

The session on communications com- 
ponents and techniques has scheduled 
papers on a variety of interesting subjects, 
for example, papers on recent improve- 
ments in telephone transmission systems, 
modern ocean cable technique, new de- 
velopments in telephone switching systems, 
and subjects related to magnetic recording. 

The technical conference in this group 
will be on testing telephone receivers and 
transmitters. Brief talks will be given by 
representatives of many concerns and in- 
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stitutions interested in this matter, and 
provision will be made for discussions and 
questions from the floor. 

Applications in several fields of engi- 
neering will be emphasized at the session on 
instruments and measurements. Papers 


on new moving magnetic instrument design ~ 


and magnetometer design for measure- 
ment of magnetic fields will stress wartime 
techniques as applied to peacetime uses. 
Other papers describe compensation for 


transformer loss in metering, measurement — 


of crest voltages in ignition systems, and 
spectrographic measurements of light in 
rapidly changing spectra by use of a 
cathode-ray oscillograph for control or 
measurement purposes. f 
The conference on electronic instru- 
ments will consider a variety of applica- 
tions, such as an electronic null detector 
for use with impedance bridges, pulse echo 
measurements on telephone and television 
facilities, defect location of materials by 


supersonic waves, and a general review of © 


the electronics measuring field. 

In the field of servomechanisms another 
session will attempt to answer some of the 
technical questions raised during the sum- 
mer meeting in Detroit last June and to 
present more of the recent advances. A 
conference on servomechanisms also is pro- 
posed for the purpose of bringing together 
representatives of the technical personnel 
working in this field and representatives of 
the industrial people. An effort will be 
made to bridge the gap between the point 
of view of the technical man and the point 
of view of the nontechnical user of servo- 
mechanisms. 

In the field of basic sciences a conference 
on applied mathematics has for its purpose 
the bringing together of mathematicians 
and engineers to discuss different engineer- 
ing problems which have arisen during the 
past few years concurrently with new de- 
velopments in the engineering and scien- 
tific fields. A session on topics of wide 
appeal in the basic science field will be held, 
and a conference is planned on the subject 
of the use of large-scale computing devices. 

Many papers will be presented in various 
sessions on applications of electronics. In 
addition, a session on electronics will pre- 
sent a group of papers on rectifiers. 


GENERAL APPLICATIONS 

In the field of land transportation three 
sessions will be devoted to broad aspects of 
the subject. More specifically a session on 
light traction will deal mainly with the 
rapid transit system and subway equipment 
for New York, N. Y. Major General 
Charles P. Gross, chairman of the Board of 
Transportation, will give a special address 
at this session. Another session on electric 
railways will consider railroad electrifica- 
tion, power conversion and transmission 
costs, current collectors for high-speed serv- 
ice, and the modern Presidents’ Confer~ 
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ence Committee street car. Recent de- 
velopments in various phases of Diesel-elec- 
tric locomotives also will occupy a session. 

Aircraft safety will be the subject of an 
all-day conference to discuss the factors 
affecting the safe operation of electric ap- 
paratus. Discussions will be prepared on 
assigned topics divided among the air line 
operators, the air frame manufacturers, and 
the accessory manufacturers. The pro- 
gram will be divided in six panels, as fol- 
lows: safety, history, and requirements; 
types of electrical failures; protection in 
the electric system; application considera- 
tions; the safety program; and general dis- 
cussion. The entire program will be con- 
ducted from a noncritical point cf view with 
an attempt to bring out only constructive 
contributions. 

The committee on safety will sponsor a 
symposium on grounding of portable equip- 
ment prepared by the committee on article 
250, grounding, of the electrical committee 
of the National Fire Protection Association, 
for consideration in the development of the 
National Electrical Code; and discussions 
of the report will be presented by producers 
and users of portable electric equipment 
and by producers, installers, and users of 


the connecting cord and plug equipment 
involved in such grounding. 

The enormous increase in the use of port- 
able electric tools and other equipment in 
manufacturing establishments makes it 
highly important that engineers concerned 
with the development, use, and mainte- 
nance of such equipment be well informed as 
to the need for safeguarding and methods 
of accomplishing it. 

Quality control will be discussed in a con- 
ference jointly sponsored by the American 
Society for Quality Control and the Insti- 
tute’s subcommittee on applications of sta- 
tistical methods. The general theme of the 
conference will be applications to consumer 
goods. G. D, Edwards (M26) president 
of the American Society for Quality Con- 
trol, will speak on the purposes and prog- 
ress of the society. This will be followed 
by two papers dealing with special applica- 
tions of quality control to consumer goods. 
The conference will close with a general 
discussion, including all aspects, with par- 
ticular reference to certification of consumer 
goods. 

Further details of the entire program will 
be announced in the January issue of Elec- 
trical Engineering. 


New AIEE Publication Policy 


Becomes Effective in January 1947 
By Charles F. Wagner, Chairman AIEE Publication Committee 


One of the fundamental purposes of the 
Institute is the dissemination to its members 
of information concerning new theories, 
new apparatus, and new developments 
throughout the electrical field. Incidental 
to its responsibility under this objective, 
and pursuant to action of the board of di- 
rectors (EE, June 1946, p 270) the AIEE 
publication committee has been developing 
ways and means of improving the Institute’s 
publications policy and procedure with the 
objectives of better serving the greatly 
enlarged and rapidly growing membership 
and of covering adequately the active and 
ever-growing electrical field. 

The purpose of this report is to describe 
and explain the modifications in present 
publication policy and procedure consti- 
tuting the new AIEE publication policy, 
which is to become effective immediately 
with 1947 publications. Before discussing 
the new policy, it is desirable to review the 
present policy which now falls somewhat 
short of membership needs, and to define 
the various kinds of publication materials 
that come to the Institute for consideration. 


PRESENT PUBLICATION PLAN 


The present AIEE publication policy was 
established in 1940. Most of the material 
published by the Institute is submitted as 
technical papers. These papers are referred 
first to the technical program commit- 
tee for review and approval; if approved, 
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they then are scheduled for presentation at 
a national or District meeting, where they 
are open for discussion. 

Under the present publication policy, all 
technical papers so approved and recom- 
mended by the technical program commit- 
tee are published in the AIEE Transac- 
tions, which is issued annually covering a 
calendar year and which serves as the per- 
manent repcsitory of material covering the 
progress and development of the electrical 
art. A Transactions section of the monthly 
magazine Electrical Engineering is set aside 
and allocated for publication of approved 
technical papers, this being in actuality a 
monthly preprint of identical pages which 
will constitute the current annual Trans- 
actions volume. Because of cost limitations, 
space has not been available in the monthly 
magazine for all approved papers. The 
overflow papers are printed twice yearly, 
in June and in December, in a special pub- 
lication known as the “Supplement to 
Electrical Engineering—Transactions section.” 
These supplements are available to Insti- 
tute members at 50 cents each or $1 per 
year. Discussions of technical papers do 
not appear in Electrical Engineering, but first 
become available to the membership in 
the supplements, after a lapse of several 
months; for example, winter meeting dis- 
cussions in the June supplement. Thus a 
member automatically receives most of the 
technical papers in the Transactions sections 
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of Electrical Engineering, and by purchasing 
the supplements receives all of the remain- 
ing approved technical papers and all ap- 
proved pertinent discussion. All this ma- 
terial appears in the annual AIEE Transac- 
tions. Discussions, however, do not appear 
on Transactions pages immediately adjoin- 
ing the paper to which they apply, but ap- 
pear elsewhere in the volume. 

Certain of the papers submitted by con- 
tributors to the technical program commit- 
tee and the technical committees for re- 
view and consideration are adjudged to be 
appropriate and timely for presentation 
and discussion at a national or District 
meeting, although they are deemed to be 
inappropriate for permanent record. Al- 
though these papers are presented at meet- 
ings, they are not published in the Trans- 
actions sections of Electrical Engineering, the 
supplements, or the Transactions. In cur- 
rent parlance they are known as “ACO” 
(advance copies only) papers; formally, this 
series of papers is designated as “AIEE 
miscellaneous papers” to distinguish them 
from the regular ‘‘AIEE technical papers” 
series. 

To facilitate and to promote discussion 
of papers, individual pamphlet copies of 
each technical paper (regular or ACO) are 
issued in advance of the meetings at which 
the papers are scheduled to be presented 
and discussed. These pamphlets are 
known as “‘advance copies” or “preprints” 
of the technical papers. As the time ele- 
ment is of essential importance in relation 
to the meetings programs and speed is re- 
quired in the physical reproduction of these 
papers to make them available to interested 
members as far as possible in advance of 
their presentation at meetings, a quick 
method of reproduction is resorted to that 
is known as the photolithographic or 
“‘photo-offset”’ process. In this process of 
reproduction, the author’s original manu- 
script copy and illustrations are reproduced 
photographically approximately in fac- 
simile, and without any of the intervening 
steps necessary for regular printing. The 
photolithographic process is a more ex- 
pensive reproduction process than printing 
where substantial quantities are involved, 
but does offer the advantage of speed in 
reproduction. These “‘advance copies”’ or 
“preprints” therefore are produced only 
in limited quantities, and are made avail- 
able to members approximately at cost. 

To facilitate the efforts of District meeting 
committees in preparing programs best 
adapted to the timely and particular inter- 
ests of the region to be served by District 
meeting, another class of paper has been 
given a recognized status by the Institute. 
This class of paper, known officially as 
“District papers” (DP) is authorized for 
acceptance for presentation and discussion 
at a District meeting solely at the discre- 
tion of the District meeting committee and 
without the requirement of advance review 
by the technical program committee or the 
technical committees. Correspondingly, 
such papers have status only as parts of the 
local District meetings programs, where 
they may be discussed along with other 
papers, but carry with them no commit- 
ment or obligation for publication of either 


ELECTRICAL ENGINEERING 


ee ee, a ae hee 


paper or discussion. In some instances, of 


course, the subject matter of District 
papers may be developed further and proc- 
essed through the regular AIEE channels 
previously discussed and ultimately be- 
come eligible for inclusion in Transactions. 
These District papers normally are not pre- 


_ pared in pamphlet form by the Institute, 


nor are they generally available even at 
the meetings where they are scheduled for 
presentation, except in instances where 
authors may provide mimeographed or 
other copies. 

Still another class of paper is involved 
currently in national and District meetings 
programs, known as “‘conference papers” 
(CP). These conference papers in a great 
many instances are not papers at all, but 
informal oral presentations made at con- 
ference sessions or round-table discussions 
which are organized from time to time on 
subjects of current interest under the en- 
couragement of the technical program 
committee and the direct sponsorship of 
one or more of the technical committees. 
Like the previously mentioned District 
papers, conference papers are wholly in- 


_ formal presentations, not reproduced or 


distributed by the Institute, and carry no 
commitment for publication of paper or 
discussion. Such papers may be processed 
subsequently through regular channels and 
ultimately become Transactions material. 
Authors of conference papers sometimes 
make a limited number of mimeographed 
or other copies available at their own ex- 
pense for use at the meetings. Otherwise, 
to preserve the complete informality of the 
conference session, there is no record of 
what transpires at such meetings or con- 
ferences, except as it may be covered in 
news reports in Electrical Engineering. 

Electrical Engineering, under the present 
publication policy, contains many engineer- 
ing and other articles, news items, personals, 
and other material of current general inter- 
est to AIEE members in addition to the 
Transactions section previously mentioned. 
This material is drawn from AIEE and 
other sources. The choice of material, as 
well as the general management and pub- 
lication of the magazine, is the responsi- 
bility of the editor. 


CURRENT PROBLEM 


The electrical art has become so broad 
in scope and so specialized in nature that 
any particular technical program paper 
now is of interest to only a relatively small 
portion of the entire membership. Thus, 
under the present publication plan the 
average member is receiving many special- 
ized papers in fields of relatively little in- 
terest to him. This repeatedly has been 
brought to the attention of the publication 
committee with the corollary suggestion 
that in most such instances an abstract or 
digest presenting on an informational basis 
the essence of such specialized papers would 
better satisfy the average member’s require- 
ment, leaving the full technical paper for 
the specialist. Under the present publica- 
tion policy, the space required to print 
these technical papers in full in Electrical 
Engineering crowds out material of broader 
general interest, a situation that is growing 
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more acute as the national and District 
meeting activities grow. and the number of 
technical papers increases. The policy re- 
quiring publication of these papers in full 
in Electrical Engineering places undesirable 
restrictions and limitations upon the editor 
in his efforts, under his assigned responsi- 
-bility, to produce in Electrical Engineering a 
magazine of greater service and more gen- 
eral appeal to the membership at large. 
Discussions and rebuttals of technical 
papers, under the present publication plan, 
appear as already noted only in the Trans- 
actions and in the “Supplement to Electrical 
Engineering—Transactions section,’ and in 
any event only after the lapse of so long a 
time that much of the interest in the discus- 
sion is lost. Further, such discussions do 
not appear on pages immediately adjoining 
the papers to which they apply, thus neces- 
sitating reference to two different locations 
to obtain the complete story concerning 
any particular paper. The publication 
committee has received continual criticism 
of this practice. 


NEW PUBLICATION PLAN 


In the new publication plan, the Trans- 
actions section will be eliminated from Elec- 
trical Engineering and in its stead will be 
established a new series of publications to 
be known. as ‘‘AITEE Proceedings” which 
will consist principally of all technical 
papers with their discussions, and which also 
may contain other appropriate material 
from national and District meetings. Indi- 
vidual members will be given the opportu- 
nity to select designated groups of these 
technical papers to be received free of 
charge, and other papers to be received as 
desired at a nominal charge to cover cost. 
More specifically the publications and 
policy of the Institute may be described as 
follows: 


1. Electrical Engineering. Coincidental 
with the elimination of the Transactions sec- 
tion, the general-interest content of Elec- 
trical Engineering will be expanded, en- 
hanced, and given greater flexibility to 
satisfy more fully the current and future 
requirements of the membership. It will 
be characterized especially by the follow- 
ing attributes. 

(a). Subject only to general policy, the 
management and publication of Electrical 
Engineering will be entirely the responsi- 
bility of the editor. 

(6). The general-interest content will 
be approximately doubled, contemplated 
to be at least 100 pages per month. 

(c). The contents will be divided 
broadly into two general categories: (1) 
general articles, to be drawn from all cur- 
rently available sources including material 
submitted for technical program papers 
after, but regardless of, action by the tech- 
nical program committee, selected on the 
basis of timeliness and general-interest value 
to the membership at large and treated ac- 
cordingly; (2) news material, comprehen- 
sively and appropriately reflecting all AIEE 
and related activities, also appropriately 
reflecting other current activities of interest 
and significance to the membership, For 
example, with reference to AIEE programs, 
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whether technical sessions or conferences, 


it is contemplated that all technical pro- 


gram papers, and all other appropriate ma- 
terial will be reflected currently in Electrical 
Engineering for the purpose of keeping the 
membership fully and currently informed. 

(d). Summary abstracts of technical 
papers will continue to be included as at 
present and will be published as far as pos- 
sible in advance of the meeting at which the 
papers are scheduled for presentation and 
discussion. ; 

(ce). The weight and quality of both in- 
side and cover paper stock will be improved. 
This will recover the losses sustained inci- 
dental to United States Government war- 


‘time regulations and policies, and should 


obviate the justifiable criticisms that have 
been received from readers and advertisers 
concerning the unsatisfactory quality of 


reproduction of illustrations and other mat- 


ter. 
(f). A more aggressive advertising 
policy will be inaugurated to capitalize 
more fully upon the established prestige 


and substantial standing of Electrical 
Engineering. 
(g). Distribution will continue to be 


made automatically to the entire AIEE 
membership; to be available also to non- 
members at an appropriate subscription 
price in accordance with postal regulations 
and as provided in AIEE bylaw 103 
and 104. 


2. Preprints. To encourage and fa- 
cilitate discussion of technical papers at 
national and District meetings, the present 
practice of issuing advance pamphlet 
copies or “‘preprints,”’ of technical program 
papers by the photolithographic process 
or an appropriate equivalent will be con- 
tinued. Distribution of this material is to 
be made as follows. 

(a). The minimum necessary number of 
copies will be available for distribution 
without charge by or at the specific and 
detailed request of the committee respon- 
sible for the development and approval of 
the manuscript in question. Such distri- 
bution is intended to be made prior to the 
meeting at which the paper is scheduled 
for presentation and discussion, and pri- 
marily for the purpose of stimulating quali- 
fied discussion. 

(6). Copies will be available upon re- 
quest to the entire AIEE membership at 
cost, such cost to include all production, 
overhead, and distribution costs; available 
to others at 100 per cent above members 
price. Following is the schedule of mem- 
bers prices: 


Size of 
Pamphlet At Registration By 
(Pages) Desk Mail 
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3. Proceedings. For the purpose of 
better serving those among the membership 
who are especially interested in the full and 
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complete technical and mathematical de- 
tails of subject matter within the field of 
their particular professional interest, a new 
series of publications is to be established, 
to be known as “AIEE Proceedings.’’ ‘The 
Proceedings will contain the full text of all 
papers approved by the technical program 
committee for publication in Transactions 
and for presentation at national or District 
meetings together with all discussions of 
those papers as approved by the technical 
program committee; also, may contain 
“miscellaneous (ACO) papers” approved 
by the technical program committee for 
presentation at national or District meet- 
ings; and other appropriate material. 
The Proceedings thus is planned to contain 
all material now published in the Trans- 
actions sections of the 12 monthly issues of 
Electrical Engineering and the two semian- 
nual supplements, and in addition a very 
considerable amount of meeting material 
heretofore not published. 

To provide maximum flexibility in pro- 
duction and distribution and thereby ex- 
pedite materially the distribution of such 
material, and in deference to the long ex- 
pressed wishes of the technical specialists 
among the Institute’s membership who 
are most interested in the full and complete 
details of technical papers and their related 
discussions, the Proceedings will be issued in 
the form of individual printed pamphlets. 
Each pamphlet will contain the full text of 
an approved technical paper, and all ap- 
proved pertinent discussion. The factors 
which will control the date of completion 
and initial distribution of this material will 
be (a) the determination by the technical 
program committee that no discussion is 
available or (4) the release by the technical 
program committee of discussion which it 
has approved for publication. On this 
basis, this material will be available to those 
who especially want it several months 
earlier than is possible under the present 
publication plan. 

Each Fellow, Member, and Associate of 
the AIEE will be given an opportunity to 
select for receipt free of charge a limited 
quantity of the total number of Proceedings 
sections (pamphlets), the quantity designed 
to be sufficiently generous to enable the 
average member to obtain those papers in 
which he is most intimately concerned. 
Others will be available at cost. Proceedings 
sections also will be available at cost to 
Student Members and Electrical Engineering 
subscribers. 


4. Annual Transactions. Current poli- 
cies and procedures with reference to 
AIEE Transactions are to be continued with- 
out change, except that the flexibility intro- 
duced by the previously discussed changes 
in publication procedure will enable dis- 
cussions to be assembled with the papers to 
which they apply. Bound volumes will 
continue to be issued on the basis of ma- 
terial presented during a calendar year, in 
single or multiple volumes, depending upon 
the amount of material and other considera- 
tions. Transactions will contain all formal 
AIEE technical papers and related discus- 
sion as approved by the AIEE technical 
program committee, and other record ma- 
terial appropriately approved. Distribu- 
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tion will continue on the basis of advance 
order; to the AIEE membership at cost, 
to others at appropriately higher prices. 


5. Special Publications. To provide a 
facility in a field of publication services 
heretofore not satisfied adequately by the 
Institute, a series of “AIEE Special Publi- 
cations”? will be established and its use 
encouraged, It is contemplated that such 
publications will be issued from time to 
time and in appropriate relation to other 
AIEE publications to accommodate ma- 
terial of especial value and importance in its 
field but of limited general interest or 
applicability, or material peculiarly con- 
venient and appropriate in the form of 
separate and substantially bound books or 
booklets. It is contemplated that these 
special publications may accommodate ma- 
terial highly technical or mathematical in 
content, or specialized in subject matter, 
such as the “AIEE Lightning Reference 
Book,” the AIEE Joint Subcommittee re- 
port ‘‘Telemetering, Supervisory Control, 
and Associated Circuits,” and the “‘Bibliog- 
raphy on Automatic Stations, 1930-1941,” 
and other bibliographies, consolidated re- 
prints, special reports, surveys, and similar 
material. 

The format, typographical style, paper, 
and printing will be of a quality appropriate 
to an AIEE publication and commensurate 
with their positions in the AIEE family of 
publications. Special publications are to 
be issued on an entirely self-supporting 
basis, the proceeds from sales in effect con- 
stituting a revolving fund for continuation 
and stimulation of the project. 

Distribution of special publications is to 
be on the basis of individual order, at cost 
to the AIEE membership; to others at 100 
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per cent above the prices which will be set 
for members. ’ 


6. Reprint Service. As a special service 
which has proved to meet many member- 
ship needs, the present practice of publish- 
ing quantities of reprints or preprints of 
AIEE published material will be continued. 
Such reprints usually will be produced on 
the basis of specific orders, but occasionally 
upon the basis of anticipated need. Such 
reprint services are to be performed on an 
entirely self-supporting basis. 

7. Annual Index. To provide a con- 
solidated single authoritative reference 
guide to all AIEE material published during 
any calendar year, a complete composite 
AIJEE annual index is planned, to cover ap- 
propriately the content of Electrical Engi- 
neering, Proceedings, Transactions, and special 
publications. This index will continue the 
basic alphabetical multientry subject list- 
ing system originally developed by Electrical 
Engineering and used with eminent success 
over a period of many years. Distribution 
will be automatic and without charge to 
the AIEE membership and to regular sub- 
scribers to AIEE publications; upon re- 
quest to others. 


8. Yearbook. Publication of the Year- 
book is to be continued as at present. Dis- 
tribution is on the basis of individual re- 
quests. 


9. Conference Papers. The informal 
AIEE conference papers will be treated 
very much as in the past. As such, they 
do not have publication status, although 
the editor of Electrical Engineering specifically 
is authorized to make appropriate use of 
conference material subject to the approval 
of the authors involved. 


Meets in Indianapolis 


Sponsored jointly by the Fort Wayne and 
the Central Indiana Sections, the seventh 
Great Lakes District meeting was held in 
Indianapolis, Ind., October 9-11, 1946, 
with headquarters at the Claypool Hotel. 
Most of the sessions were held at the hotel 
the others were held in the auditorium of 
the Indiana War Memorial, The verified 
attendance was 298; other attendance de- 
tails and comparisons with previous meet- 
ings of the Great Lakes District are given in 
accompanying tabulations. 

The history of this meeting reveals quite 
a checkered career for a District meeting. 
Originally planned and scheduled to be 
held in Fort Wayne in April 1941, the meet- 
ing was indefinitely postponed in the war 
aftermath of Pearl Harbor. Picking up 
postwar where it had left off in 1941, the 
Fort Wayne Section had completed all 
plans and preliminary announcements to 
hold the meeting in Fort Wayne this fall, 
only to be overtaken by the hotel situation 
wherein Fort Wayne hotels withdrew the 
commitments of room and meeting space 
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necessary. It was into this breach that the 
Central Indiana Section stepped, to provide 
the necessary hotel and other physical 
arrangements for the meeting in Indianapo- 
lis, and to join wholeheartedly with the 
Fort Wayne Section in carrying the meeting 
out to a very effective conclusion. Even 
the heavens collaborated, staging a once- 
in-a-century display shower of meteors on 
the opening night of the meeting. 


CONFERENCE TYPE OF MEETING 


A noteworthy feature was the fact that 
only four regular technical program papers 
were presented, the other 26 being informal 
presentations classed as ‘‘District papers” 
or “conference papers.” This type of pro- 
gram proved to be both popular and effec- 
tive in presenting for informal exchange and 
discussion a wide variety of up-to-the- 
minute topics which catered effectively to a 
very wide range of member interest. In 
fact, it drew a registered attendance of more 
than 80 nonmembers and many additional 
who did not register. 
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The 30 subjects were divided among six 
monieeaee sessions covering electric ma- 
chinery, electronics, power transmission 
and distribution, industrial power applica- 
tions, communications, industrial control, 
and basic sciences. ie general, the sessions 
ran two in parallel without too much con- 


- flict in member interest, the loss from con- 


flict and interest being more than offset in 
the opinion of most observers by the addi- 


_ tional scope of subject matter that could be 


accommodated by parallel sessions. 

A more detailed summary report is given 
in another item elsewhere in these pages, 
covering the various technical topics dis- 
cussed. 


PROFESSIONAL ACTIVITIES DISCUSSED 


One entire afternoon was devoted to a 
general conference on “Institute Activities 
and Study of the Organization of the En- 
gineering Profession,” under the chairman- 
ship of AIEE Vice-President T. G. LeClair 
(F ’40) of the Great Lakes District who also 
is chairman of the professional activities 
subcommittee of the AIEE committee on 
planning and co-ordination. 

President J. Elmer Housley (F ’43) dis- 
cussed “‘How the Engineer Should Look at 
Tomorrow,” stressing the need for engi- 
neers to give attention to problems of public 
and professional concern as well as to tech- 
nical topics. He stressed the need for the 
AIEE to give steadily broader and better 
service to its membership, and briefly men- 
tioned the efforts currently being made to 
accomplish this, and to learn more accu- 
rately what the membership wants by con- 
ducting discussions with representative 
groups throughout the country. He urged 
particularly much more active attention to 
industrial applications and problems, spe- 
cial efforts to develop the interest and 
greater participation of the executive and 
administrative group of electrical engineers, 
who deal primarily with management and 
labor relations problems rather than the 
more technical subjects; he urged especial 
effort to develop a better degree of co- 
ordination between the executive group and 
the younger engineers. 

Vice-President LeClair presented a sum- 
mary report covering the various projects 
that have been and are undergoing study 
by the committee on planning and co-or- 
dination. As a preliminary to the specific 
discussion for which the session was planned 
originally, he also presented a comprehen- 
sive review of the study currently being 
made by his subcommittee on professional 
activities covering organization of the en- 
gineering profession, reflecting the high 
lights of the full report originally published 
in the April 1946 issue of Electrical Engi- 
neering, pages 169-73. Most of the discus- 
sions presented were from representatives of 
the various sections in the District, in re- 
sponse to previous solicitation, A few 
spontaneous comments were forthcoming 
from among the 12 persons in attendance 
including one from a visiting mechanical 
engineer who enthusiastically urged that 
“'The engineers must organize as a profes- 
sion or be organized by the government as 
a trade.” In urging a single society for all 
engineers, one commentator made the 
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Comparison of Great Lakes District 
_ _ Meeting Attendance — 


- October 9=11..... Indianapolis, Ind......298 
1939. .September 27-29. . Minneapolis, Minn..... 230 
1935. , October 24-25... . West Lafayette, Ind... .481 
1932. .March 14-16...., Milwaukee, Wis........552 
1929. . December 2-4... /Chicago, Illl........ _. 600 
1927. . November 28-30. . Chicago, Ill........... 900 
HO2Gm May Gare series Madison, Wis.......... 180 


Analysis of Registration at Great Lakes 
District Meeting 


Cen- 
tral 
In- 
diana Fort Dis- Other 
Sec- Wayne trict. Dis- 
Classification tion Section 5* tricts Total 
Members...... OSishvaet (  orait cee TA waletols Bh screen 192 
Student z 
IME ED EKG oy oe ycigel Olay Rueraier tated 10 
Men guests..... SOaae 13.) fox Woes Baoan ee) 
Women guests... 4..... Sie ese Aiea 13 
MROtalsines kim stats 132%, os. 3< B7is ame le Gripe SB rictekts 298 


*Outside Central Indiana and Fort Wayne Sections. 


broad assertion that ‘‘All the national socie- 
ties are dominated by employers and hence 
are opposed to the over-all organization of 
individual engineers,” but did not elabo- 
rate upon or substantiate this assertion. In 
general, the various discussers paid some 
homage to the theoretical idealism of the 
single-society idea, but as a matter of fact 
a substantial majority of all the commen- 
tators recommended ‘‘Plan C, Federation 
or Council of Existing Engineering Socie- 
ties” and urged some early action in that 
direction. 


ENTERTAINMENT AND TRIPS 


The principal feature of the District 
meeting entertainment activities was the 
general banquet held Thursday evening, 
October 10, in the James Witcomb Riley 
room of the Claypool Hotel, with Vice- 
President T. C. LeClair presiding. Guests 
were treated to an excellent and lucid lec- 
ture on the ‘“‘Nature and Implications of 
Atomic Energy,” by Doctor Frank H. 
Spedding of Iowa State College, Ames. 
Doctor Spedding was in the midst of war- 
time atomic research from its earliest be- 
ginnings, and currently is a member of the 
Manhattan District Declassification Com- 
mittee (MDDC), the group upon whose 
shoulders rests the responsibility of recom- 
mending those portions of the scientific in- 
formation developed in wartime atomic re- 
search that can be released at this time to 
aid in scientific, technical, and medical re- 
search without impairing national security. 
While emphasizing the enormous poten- 
tialities of nuclear and atomic energy, for 
constructive use or for destruction, Doctor 
Spedding thoroughly debunked the sensa- 
tional newspaper, magazine, and book ac- 
counts of quasi scientists and others which 
have caused many persons to fear that the 
earth itself was in dire danger of physical 
destruction. Doctor Spedding expressed 
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the opinion that atomic power plants prob- 
ably would become a reality within some- 
thing like five years or so, especially for 
large naval and merchant ships, where the 
space required for fuel and power plants 
are of especially critical importance and 
economic significance. 

To avoid interference with conference 
sessions, and at the same time to facili- 
tate transportation and other arrange- 
ments, all technical inspection trips were 
scheduled for Friday afternoon after the 
last technical conference session. These 
trips provided for visits to the Marmon Her- © 
rington Company, manufacturers of mobile . 
transporation equipment including all- 
electric trolley coaches; to the Esterline- 
Angus Company, Inc., makers of recording 
instruments; to the Eli Lilly and Company 
plant and laboratory, devoted to medicinal 
products; to various local power facilities 
of the Indianapolis Power and Light Com- 
pany and of the Public Service Company 
of Indiana; to several of the plants of P. R. 
Mallory and Company, manufacturers of 
various radio controls and equipment; to 
the Chinook Mine of the Ayrshire Col- 
lieries Corporation at Staunton, Ind., and 
to the Maumee Collieries Corporation 
mine at Jasonville, Ind., two large strip- 
mining operations utilizing large electric 
shovel equipments; and to Purdue Uni- 
versity, West Lafayette, Ind. 

Activities especially aranged for women 
guests included a trip to the James Witcomb 
Riley Hospital for children, one of the out- 
standing hospitals for the medical care of 
children; a trip to the John Herron Art 
Institute; a tea and fashion show at the L. 
S. Ayres and Company, department store; 
the District meeting banquet. 

Equipment exhibits originally had been 
planned in connection with the meeting, 
but did not materialize because of industrial 
production conditions. 


COMMITTEES 


The joint sponsorship of the Great Lakes 
District meeting in Indianapolis by the 
Fort Wayne Section and the Central Indi- 
ana Section is reflected in the committee 
organization. In general, Fort Wayne car- 
ried the responsibility for the development 
of the technical program and the Central 
Indiana Section carried the responsibility 
for arranging and managing the meeting 
activities. The personnel responsible for 
the success of the meeting include the fol- 
lowing 


General Cochairmen 


F. H. Fleischer S. C, Leibing 
Meetings and Papers Committee 

Cc. M, Summers, chairman M. L. Schmidt 
M. A. Baker W. K. Self 


F. O. Nottingham E. S. Sullivan 


Inspection Trips 


C. E. Chatfield, chairman W. A. Gentry 
H. A. Berkheiser C. E. Parks 
L. E. Briscoe Cc. R. Swenson 


John Webb 


Hotels, Registration, and Entertainment 


S. C. Leibing, chairman H. F. Roempke 


L. T. Clipson John Sears 
E. G. Downie Fred Stout 
R. B. Hull M. F. Schonefeld 
G. W. Kintner I, W. Strong 
C. E. Parks C. R. Swenson 
J. R. Pies R. O. Whitesell 
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Finance Committee 

E. A. Linke, chairman 
Publicity Committee 
J. L. Wright, cochairman S.A. Zimmerman, cochatrman 


W. H. Bollinger 


Student Activities Committee 
S. W. Winje chairman 


Assistance in the actual handling of regis- 
tration and related details was provided by 
the Indianapolis Convention and Visitors 
Bureau. 


Contents Announced for 
December 1946 Supplement 


Technical papers presented before AIEE 
technical meetings during 1946 and not 
published in the monthly Transactions sec- 
tion of Electrical Engineering or in the June 
supplement will appear in the December 
1946 “Supplement to Electrical Engineer- 
ing—Transactions Section.” The Decem- 
ber supplement will contain 30 technical 
papers, discussions of those papers, and dis- 
cussions of the papers already published in 
the July-December monthly sections. 
Issuance of the December supplement will 
complete publication of the papers and dis- 
cussions presented before the 1946 North 
Eastern District meeting in Buffalo, N. Y., 
April 24-25; the 1946 summer meeting, 
Detroit, Mich., June 24-28; the 1946 Pa- 
cific Coast meeting, Seattle, Wash., August 
26-30; and the 1946 Great Lakes District 
meeting, Indianapolis, Ind., October 9-11. 

In order that distribution of copies of the 
supplement can be made in February 
1947, those desiring to receive copies should 
enter advance orders promptly. 

Papers appearing in the December 1946 
supplement, abstracts of which have been 
published in Electrical Engineering in ad- 
vance of the meetings are: 


Air Transportation 


46-129 —Electronic Control of Frequency Converter 
Sets for Testing Aircraft Models; G. W. Heumann 
(A’44), W. F. Strong (A’47). Abstracted in the June 
1946 issue, page 278. 


Basic Sciences 


46-119 —Formulas for Calculating the Inductance of 
Channels Located Back to Back; W.G. Schwantz 
(Student), T. J. Higgins (M’46). Abstracted in the 
June 1946 issue, page 279. 


46-120—Negative Resistance Effects in Saturable 
Reactor Circuits; J. M. Manley, E. Peterson (M26). 
Abstracted in the June 1946 issue, page 279. 


46-195—The Use of Business Machines in Deter- 
mining the Distribution of Load and Reactive Com- 
ponents on Power Line Networks; P, D. Jennings, 
G. E. Quinan (F ’78).  Abstracted in the August- 
September 1946 issue, page 411. 


Communication 


46-87 —Radiotelemetering for Testing Aircraft in 
Flight; C. L. Frederick (M’46). Abstracted in the 
April 1946 issue, page 174. 


46-183—Application of Compandors to Telephone 
Circuits; C. W. Carter, Jr. (M39), A. C. Dickieson 
(M47), D. Mitchell. Abstracted in the August- 
September 1946 issue, page 411. 


Domestic and Commercial Applications 


46-184—Specific Engineering Problems in Rural 
Electrification and Electroagriculture; M. M. 
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Future AIEE Meetings 


Winter Meeting 
New York, N. Y., January 27-31, 1947 


North Eastern District Meeting 
Worcester, Mass., April 23-25, 1947 


Summer Meeting 
Montreal, Quebec, Canada, June 9-13, 
1947 


Middle Eastern District Meeting 
Dayton, Ohio, September 23-25, 1947 


Midwest Meeting 
Chicago, Ill., November 3-7, 1947 


Samuels (F’24), Abstracted in the August-September 
1946 issue, page 412. 


Electric Machinery 


46-116—Electromechanical Transient Performance 
of Induction Motors; C. N. Weygandt (A’37), S. 
Charp (A’42), Abstracted in the June 1946 issue, 
page 280, 


46-136—Current and Torque of D-C Machines on 
Short Circuit; T. M. Linville (M’34). Abstracted in 
the June 1946 issue, page 280. 


46-164—Oscillations of a High-Voltage Secondary 
Winding; A. Boyajian (F’26). Abstracted in the 
June 1946 issue, page 280. 


46165—Temperature Limits for Short-Time Over- 
loads for Oil-Insulated Neutral Grounding Reac- 
tors and Transformers—II; V. M. Montsinger (F 29), 
J. E. Clem (F’38). Abstracted in the June 1946 issue, 
Page 281. 


46-167 —Rotating Electric Machine Time Constants 
at Low Speeds; C. Concordia (M’37). Abstracted in 
the June 1946 issue, page 281. 


46-189—Dielectric Strength of Station and Line 
Insulation to Switching Surges; P. L. Bellaschi 
(F°40), L. B. Rademacher (A’45). Abstracted in the 
August-September issue, page 412. 


46-202—Asynchronous and Single-Phase Opera- 
tion of Synchronous Machines; A. W. Rankin (M 45). 
Abstracted in the October 1946 issue, page 472. 


Induction and Dielectric Heating 


46-124—Design of Induction-Heating Coils for 
Cylindrical Magnetic Loads; J. 7. Vaughan (A’44), 
J. W. Williamson (A’43). Abstracted in the June 
1946 issue, page 282. 


Industrial Power Applications 


46-194—Self-Excited Electromagnetic Drive for a 
Resonant Fatigue Machine; A. R. Wilson (M35). 
Abstracted in the August-September 1946 issue, 
page 412, 


Instruments and Measurements 


46-133—Functional Analysis of Measurements; 
I. F, Kinnard (F’43). Abstracted in the June 1946 
issue, page 283, 


46-143—High-Vacuum Leak Testing With the 
Mass Spectrometer; W. G. Worcester (A’42), E. G. 
Doughty. Abstracted in the June 1946 issue, page 283, 


46-181—An Oscillograph for Recording Transient 
Recovery Voltages; W. G. Hoover (A’34). Ab- 
stracted in the August-September 1946 issue, page 
412. 


Land Transportation 


46-186—Comparisons of Railway Motive Power for 
Operations in the Pacific Northwest; 7. M. C. 
Martin (A’45), Abstracted in the August-September 
1946 issue, page 412. 
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Power Generation 


46-108—Tennessee Valley Authority Hydroelectric 
Stations—Electrical and Mechanical Design; R. A. 
Hopkins (F’43), H. J. Peterson. Abstracted in the 
June 1946 issue, page 283. 

46-144—Improvements in Performance of Hydro- 
electric Generating Units on the 2,000,000-Horse- 
power Saguenay System; F. L. Lawton (M’36). 
Abstracted in the June 1946 issue, page 284. 
46-152—-Medern Excitation Systems for Large 
Synchronous Machines; J. B. McClure (A ’29), S. I. 
Whittlesey (A°45), M. E. Hartmen. Abstracted in the 
June 1946 issue, page 284. 

46-154—The Development of Modern Excitation 
Systems for Synchronous Condensers and Genera- 
tors; F. M. Porter (M’45), J. H. Kinghorn (M’46). 
Abstracted in the June 1946 issue, page 284. 


46-182—Long-Distance Power Transmission as 
Influenced by Excitation Systems; C. Concordia 
(M’37), S. B. Crary (F’45), F. J. Maginniss (A’43). 
Abstracted in the August-September 1946 issue, page 
413. 


46-117—The Electrical Performance of Ceramic 
Dielectrics at Elevated Temperatures; H. A. Frey 
(M43), J. A. Jesatko (A’41). Abstracted in the 
June 1946 issue, page 284. 


Power Transmission and Distribution 


46-196—Characteristics of a 400-Mile 230-Kv 
Series-Capacitor-Compensated Transmission Sys- 
tem; B. V. Hoard (M’36). Abstracted in the August— 
September issue, page 413. 


Protective Devices 


46-170—Performance Criteria for Current Limit- 
ing Power Fuses—I; E. W. Bochne (F’43), C. L. 
Schuck (A’39). Abstracted in the June 1946 issue, 
page 285. 


46-171—Performance Criteria for Current Limit- 
ing Power Fuses—II; E. W. Bochne (F’43), C. L. 
Schuck (A’39). Abstracted in the June 1946 issue, 
page 286. 

46-173—Simplicity in Protective Relaying; L. F. 
Hunt (F°38). Abstracted in the June 1946 issue, 
page 286. 


AIEE Survey on 
Vacuum Tubes Progresses 


The survey of instrument manufacturers, 
in the interest of providing more reliable 
vacuum tubes for use in electronic instru- 
ments, is well under way, W. R. Clark 
(M ?44) chairman of the joint subcommittee 
on electronic instruments, has announced. 

Some of the items covered in the ques- 
tionnaire, which has been mailed to more 
than 400 instrument manufacturers, are 


1. Uniformity of tube characteristics. 
2. Tube life. 

3. Increased operation stability. 

4. Reduction of microphonic effects. 
5. Reduction of hum. 

6. Lower noise level 

7. ‘Type of tube envelope. 

8. Service conditions, 

9. Yearly demand. 

10. Cost of tubes. 


The results of this survey will be tabulated 
and published as a committee report, and 
readers of Electrical Engineering are requested 
to assist in making it a comprehensive sur- 
vey. Companies which have not received 
questionnaires may request them from the 
AIEE Joint Subcommittee on Electronic 
Instruments, AIEE Headquarters, 33 West 
39th Street, New York 18, N. Y. 
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the bluegrass region, and a banquet and 


Attending the banquet 


' dance on Friday night. Special entertain. 


_ ment is planned for the women guests. 


i 


ment of air velocities and directions. 


TECHNICAL PAPERS previewed in this section 


for operating several main aircraft engine 


held September 21, 1946, to celebrate the opening of the new headquarters of the Engineers’ Society of 
(front row, left 


Southern District ee 4 will be presented at the AIEE winter meeting, . Pe 
aa : Os awit ' New York, N. Y., January 27-31, 1947, and will Hie 
Students Convene in 1947 S E C T | O N eeeeee be distributed in advance pamphlet form as soon 3 
5 aA _ as they become available. Membe-s may obtain : 
_ Tentative plans have been announced : : copies by mail from the AIEE order department, re 
for a convention of the Student Branches " 33 West 39th Street, New York 18, N. Y., at prices ae 
of the Southern District to be held about Wire Strain Gauges indicated with the abstract; or at five cents less per 
P Z dears i 3 copy if purchased at AIEE headquarters or at the 
the first week end in April 1947. The con- Discussed by Canton Subsection meeting registration desk. Prices for nonmembers “ 
vention will open Thursday morning and will be twice those for members. Phe 
extend through Saturday. Professor K. F. Sibila (A °38) of the Uni- Mail orders will be filled _ 
Convention headquarters will be on the versity of Akron (Ohio) was speaker at the AS PAMPHLETS BECOME AVAILABLE 
campus of the University of Kentucky, first technical meeting of the Canton Sub- 
Lexington. A number of student papers section held October 14, on the premises of ie ° r 
; ; . ir Transportation 
are expected to be submitted for prizes, and the Ohio Power Company. BO sie 
it is hoped that every Student Branch will Drawing on his experiences with the 47-5—Parallel Operation of Aircraft 
be represented by at least one paper. Guggenheim Institute during the war, Pro- _—_ Alternators Using Electronic Frequency 
Included in the scheduled program are fessor Sibila discussed the application of | Changers; O. W. Bowlus (M’46), P. T. 
‘several speakers, a Thursday evening social, wire strain gauges to models in wind tun- Nims (A’40). 25 cents. This paper re- oA 
the reading of the student papers, tours of _ nels and the use of hot wires in the measure- ports initial work on an electronic method “ee 
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Milwaukee were AIEE President J. Elmer Housley (F ’43) and the following members of the Milwaukee Section: 


to right) L. M. Swenson (A ’41) Allis-Chalmers Manufacturing Company, chairman of the Section program committee; F. J. Van 
Zeeland (M 44) professor at the Milwaukee School of Engineering, and secretary-treasurer of the Section; Mr. Housley; K. L. 
Hansen (F ’34) Harnischfeger Corporation, past chairman of the Section; E. L. McClure (M ’41) Wisconsin Electric Power Com- 


pany, director of the Section; L. C. Aicher, Jr. (M ’43) Allis-Chalmers Manufacturing Company, director of the Section. In the 

second row are: C. P. Feldhausen (M ’40) Cutler-Hammer, Inc., director of the Section; S. H. Mortensen (F ’20) Allis-Chalmers 

Manufacturing Company, past Section chairman, W. C. Johnson, Allis-Chalmers Manufacturing Company; Walther Richter 

(F °42) Allis-Chalmers Manufacturing Company, Section chairman; E. J. Limpel (M 44) A. O. Smith Corporation, director of the 

Section; E. T. Sherwood (M ’44) Globe-Union, Inc., director of the Section; H. C. Brem (A ’43) Allis-Chalmers Manufacturing 
Company, director of the Section 
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driven alternators in parallel to supply the 
electrical loads of an airplane. This would 
_ make unnecessary any mechanical constant 
- speed drive for each generator. An elec- 
tronic frequency changer is associated with 
each alternator and the outputs of the 
changers paralleled at the load bus. Syn- 
chronization, load division, and provision 
for reactive power are discussed, and test 
data obtained from two 4-kva units are 
presented. 


47-11—The Calibration of Ignition Crest 
Voltmeters; W. L. Davis, C. E. Warren. 
15 cents. Field experience with crest volt- 
meters for use on internal combustion en- 
gine ignition systems has shown variation 
in readings between several types of meters 
connected to the same point in an ignition 
system. This paper outlines a study of the 
factors influencing the performance of sev- 
eral types of meters. Apparatus is de- 
scribed for producing repetitive voltage 
surges the time of which to crest, shape of 
tail, amplitude, and repetition rate are 
easily adjustable over a considerable range. 
The equipment was used to determine the 
effects of the variables mentioned on the 
operation of several types of ignition crest 
voltmeters. A high-speed cathode-ray os- 
cillograph was used to calibrate the meters 
on various types of voltage surges. Typical 
results for two meters are given in the form 
of calibration areas. Effects of voltage 
wave shape on the meter readings are dis- 
cussed. 


Basic Sciences 


47-1—Eddy Currents in Disks: Driving 
and Damping Forces and Torques; A. 
D. Moore (F 43). 30cents. Driving torque 
due to a-c quadrature fluxes through a 
disk can be solved for by means of theory 
and procedures presented. Fluxes may 
have any distribution. A facilitating chart 
is described. As an example, the driving 
torque of a watt-hour meter is solved for. 
Damping torque of a disk rotating through 
constant fluxes can be solved for by means 
of theory and procedures developed from 
what may be a new concept. Flux areas 
may beirregular. The methods can be ex- 
tended to cover cases of nonuniform density. 
A facilitating chart is described. As an 
example, the damping torque of a watt- 
hour meter is solved for. Damping of disks 
moved translationally is covered by a family 
of curves, by which damping for accelerom- 
eters and other devices can be designed in 
direct fashion. For both driving and 
damping torques, reciprocity laws are 
proved. 


47-2—Theory and Application of Com- 
plex Logarithmic and Geometric Mean 
Distances; JT. J. Higgins (M’46). 20 
cents. Logarithmic and geometric mean 
distance theory is utilized both in the de- 
sign and in the calculation of the resulting 
electrical and mechanical performance of 
power and transmission lines, industrial 
distribution busses, transformer windings, 
coils and solenoids for various purposes, 
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and yet other current-carrying apparatus. 
Heretofore calculation of the required 
logarithmic and geometric mean distances 
has been effected by direct integration of 
the multiple integral, 


Sin Ss log [(X—x)*+ (Y—y)"]'/2dSodSo 


wherein (X, Y) and (x, y) indicate arbi- 
trary points in the lineal or areal cross sec- 
tions S; and Sy of the current-carrying appa~- 
ratus. Except in certain simple well- 
known cases, evaluation of this multiple 
integral requires very heavy analysis. 
This difficulty is obviated by use of the 
theory advanced in this paper. By use of 
simple conformal mapping, the foregoing 
real integral is expressed as the real or 
imaginary part of a complex integral which 
easily is evaluated. The resulting complex 
logarithmic mean distance comprises as its 
readily recognized real or imaginary part 


the desired real logarithmic and geometric | 


mean distances. Calculation of several 
logarithmic mean distances typical of those 
used in practice illustrates application of 
the general theory and the advantages to 
be gained by use of it. 


Electric Machinery 


47-3—Equivalent Circuit of the Primitive 
Rotating Machine With Asymmetrical 
Stator and Rotor; Gabriel Kron (M°’45). 
20 cents. The equations and equivalent 
circuits of all standard types of rotating 
electric machinery operating under arbi- 
trary conditions may be derived as special 
cases of a single generalized rotating ma- 
chine, the so-called primitive machine. 
This paper derives the steady-state equiva- 
lent circuit of the primitive machine having 
unbalanced rotor as well as stator. That is, 
the load or transmission line connected to 
a salient-pole synchronous machine is as- 
sumed to be unbalanced (due to faults, 
short circuits, and the like) or the load con- 
nected to the slip rings of an induction 
motor is assumed to be unbalanced. The 
single-phase alternator, instrument Selsyns 
and so forth, as well as sudden short-circuit 
studies are cases that require an infinite 
series of time harmonics in the stator and 
rotor windings in addition to the funda- 
mental, It is assumed that these time 
harmonics are due to space waves with 
fundamental pairs of poles rotating at dif- 
ferent speeds. ‘The effect of the harmonic 
space waves is not considered. A com- 
panion paper by Rankin shows network 
analyzer studies made of the harmonic 
currents and torques of a single-phase 
alternator. 


47-9—The Dielectric Properties of Cellu- 
low Insulation Impregnated With Semi- 
conductor Liquids; F. M. Clark (A’24). 
20 cents. Liquid impregnants for cellulosic 
insulation are classed as dielectric, semi- 
conducting, and conducting. The low 
power factor of insulation impregnated with 
a dielectric liquid rises to high value as the 
liquid resistivity decreases from the dielec- 
tric to the semiconducting classification. 
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In the semiconducting grouping, there is a 
limited range of resistivity which is ac- 
companied by a marked drop in the power 
factor of the treated insulation. With 
kraft paper, the power factor falls to about 
three per cent. Because of the conducting 
nature of the liquid, the effective dielectric 
constant obtained simultaneously with such 
low power factor is abnormally high. The 
Permalytic capacitor is a kraft paper spaced 
capacitor of the usual type, impregnated 
with a semiconducting liquid. This ca- 
pacitor is characterized by a physical size 
equal to about 30 per cent of the physical 
volume per kilovolt-ampere of the corre- 
sponding oil-treated capacitor. The power 
factor of the Permalytic capacitor is about 
three per cent. This type of capacitor of- 
fers interesting possibilities for those appli- 
cations where a small dependable low-cost 
low-voltage capacitor is required. 


47-10—Simplified Graphical Method of 
Computing Thermal Transients; Paul 
Narbutovskih (M’43). 15 cents. During 
recent years the subject of estimating the 
transient overload capacity of electric 
equipment, transformers in particular, has 
gained considerable importance among 
operators and designers. Practically ac- 
ceptable methods of making such estimates 
have been developed, including graphs and 
charts, which simplify the computations of 
certain specific problems involved. This 
paper gives a new graphical method of 
computing thermal transients which pos- 
sesses a considerable degree of simplicity 
and flexibility. The method is based on 
the use of new, here proposed, transient 
co-ordinate paper on which any single- 
capacity thermal or electrical exponential 
transient will plot as a straight line. The 
use of this paper greatly simplifies the solu- 
tion of an exponential equation for tem- 
perature and time. It adapts itself readily 
to handling transient temperatures in case 
of complex load cycles, as well as more 
intricate problems involved in equipment 
design. 


Instruments and Measurements 


47-12—A Comparison of Two Basic 
Servomechanism Types; Herbert Harris 
(A ’46). 30 cents. Servomechanisms with 
lead network stabilization and those with 
speed feedback through a high pass filter 
are analyzed and compared. The method 
of analysis is on a frequency response basis 
using inverse transfer functions. Detailed 
design tabulations are given along with the 
limitations imposed by response delays. 
Analysis of motor suitability for these 
servomechanisms shows that torque-to- 
inertia ratio is a poor quantity for a figure 
of merit, and several alternative ratios are 
shown to have more value. 


47-7—The Application of Lead Networks 
and Sinusoidal Analysis to Automatic 
Control Systems; G. J. Schwartz (A’46). 
30 cents. This paper discusses the general 
design considerations relating to the con- 
struction of a high performance servo- 
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components are presented in order to il- 
lustrate the theoretical results obtained. 
Particular emphasis is placed upon the 
effect of anticipation or lead networks on 
the performance of a servomechanism. 
Direct reference to an existing armature- 
controlled d-c motor servomechanism is 
made throughout, and the correlation be- 
tween theory and practice as applied to a 
servomechanism design is demonstrated. 


? 


_47-13—The Cathode-Ray Spectrograph; 
Rudolf Feldt (M°’46), Carl Berkley. 15 
cents. The instrument described has been 
s developed by the Allen B. DuMont Labora- 
i = tories Inc., and produces complete spectral 
| distribution curves of the source under 
q test at the rate of 240 complete spectra 
; per second. Spectrogram is presented on 
. a cathode-ray tube. The spectrograph 
1 consists of four units which may be used 
5 independently. These are: source, ca- 
. pacitating system, scanning means, and 
indicator. Wave length calibration is done 
_ by replacing source with a gaseous dis- 
charge lamp. Sensitivity is adjusted so 
7 that resultant curve represents visual re- 
sponse. Dispersion is given by prism with 
i scanning effected by a synchronous, vi- 
; brating, resonant mirror at 120 cycles per 
.- second. A suitably filtered multiplier 
A photoelectric cell is used. A standard 
cathode-ray oscillograph may be used as 
indicator, but special d-c oscillographs will 
be available for this purpose. Samples 
may be compared by switching or use of 
delay screens. This instrument was de- 
veloped initially to study the color of micro- 
second current pulses on a cathode-ray 
tube fluorescent screen. Results are shown. 
The color of any other varying light source 
can be studied similarly. Provision is 
made for insertion of transmission samples, 
chemical samples, or filters for calibration. 
Continuous recording is possible with 
camera attachment. Indication may be 
remote or separated from analyzer. Pos- 

sible applications are: 


Instantaneous color matching. 
Fluorescent lamp characteristics. 
Spectrographic research. 


Continuous process control. 
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Transmission of spectral characteristics from re- 
mote or inaccessible locations. 


Power Generation 


47-4—Theoretical Approach to Speed 
and Tie Line Control; Robert Brandt 
(A?26). 15 cents. Frequency error is an 
indicator of the amount of excess or de- 
ficiency of generation on a whole intercon- 
nection, and a frequency-generation line 
may be established for the whole or for any 
section which is separated from all others 
by tie lines over which contro] may be 
desired. Automatic equipment is avail- 
able, using these fundamentals under the 
name of load biased frequency control, 
which will make the required adjustments 
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_ mechanism. The sinusoidal method of 
+s analysis is applied, and transfer loci for 
complete servo systems and their individual — 


to generation to restore normal speed and 


tie line loadings with a minimum of false 
moves. 
handle, in normal operation, only its own 
load changes, regardless of the speed of re- 
sponse of its prime movers to correcting 
impulses. Methods of automatic control 
by the selective-frequency blocking system 
and the master flat-frequency station 
method are examined and found wanting. 


The use of uncontrolled speed-sensitive — 


governors with small droop is shown to be 
disadvantageous, if operated in parallel 
with automatic bias equipment. Consider- 
ation is given to practical matters of opera- 
tion, including an improvement in handling 
manual generation shifts, action of control- 
ler in time of trouble, effect of errors in 
determining the frequency-generation line, 
and desirable characteristics of governors. 


Land Transportation 


47-8—Developments in Current Collec- 
tors for High Speed Service; B. F. 
Langer. 15 cents. Theoretical studies and 
wind-tunnel tests have been used to develop 
an improved pantograph shoe and shoe 
mounting. The shoe itself has been made 
aerodynamically stable, and the supporting 
springs make it follow the wire smoothly at 
all speeds. 


Protective Devices 


47-6—Resistors for 138-Kyv Cable Switch- 
ing; E. K. Sadler (M’29), T. M. Blakeslee 
(M38). 25 cents. Installations of 138-kv 
underground cable by the Los Angeles 
Department of Water and Power provided 
a field of laboratory for capacitive-current 
switching tests. This paper describes and 
presents results of an investigation of over- 
voltages incident to switching the charging 
current of these cable circuits. The de- 
velopment and performance of step-type 
resistors installed in 138-kv circuit breakers 
for limiting these overvoltages are described. 
A theoretical discussion of the effect of 
resistors in circuit breakers handling ca- 
pacitive currents is given in an appendix. 


PERSONAL eeeee 


Lewis Warrington Chubb (A’09, F’21) 
director of research, research laboratories, 
Westinghouse Electric Corporation, East 
Pittsburgh, Pa., has been awarded the 
John Fritz Medal for 1947 for “pioneer- 
ing genius and notable achievements 
during a long career devoted to the sci- 
entific advancement of the production 
and utilization of electric energy.” Doc- 
tor Chubb was born October 22, 1882, 
in Fort Yates, N. Dak., and was graduated 
from Ohio State University in 1905 with 
the degree of mechanical engineer in elec- 
trical engineering. He became an engi- 
neer apprentice with the Westinghouse 
corporation and from 1906 to 1910 worked 
on the development and testing of sheet 
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By this means each section will © 


L. W. Chubb 


steel and did research on transformers. 
He was placed in charge of the electro- — 
technical and magnetic research section in 
1910 and of the research work of the 
material and process engineering depart- 
ment in 1919. When the radio engineer- 
ing department was organized in 1920, 
Doctor Chubb was made manager. He 
left East Pittsburgh in 1930 when the radio 
activities of the Westinghouse corporation, 
the General Electric Company, and the 
Radio Corporation of America were con- 
solidated at Camden, N. J., to become 
assistant to the vice-president of RCA. — 
Later that year he returned to East Pitts- 
burgh as director of research. Doctor 
Chubb’s contribution to the knowledge of 
magnetic properties of iron and iron alloys, 
and his improvements in the design of 
electric machinery and in the measure- 
ments of electrical and magnetic quantities 
have had great influence in the develop- 
ment of electrical engineering during the 
past 30 years. He has been granted about 
200 patents for electrical, mechanical, 
chemical, electrochemical and _ instru- 
mental developments. He has received 
the degree of doctor of science from Alle- 
gheny College and from the University 
of Pittsburgh. In 1934 he was awarded 
the Lamme Medal of Ohio State Univer- 
sity. Author of many technical: articles, 
he is a member of the American Associa- 
tion for the Advancement of Science, the 
American Physical Society, the Franklin 
Institute, the Institute of Radio Engineers, 
the Illuminating Engineering Society, and 
the National Electrical Manufacturers 
Association. He also is a member of Tau 
Beta Pi and Sigma Xi. He formerly was 
a member of the International Electro- 
technical Commission. 


C. A. Robinson (A’11, F’22) vice-presi- 
dent, secretary, and treasurer, Chesapeake 
and Potomac Telephone Company, Wash- 
ing, D. C., has retired. Mr. Robinson re- 
ceived the degree of bachelor of arts from 
Johns Hopkins University in 1903 and the 
degree of mechanical engineer from Cornell 
University in 1906. Immediately after- 
wards he entered the engineering depart- 
ment of the New York Telephone Com- 
pany, New York. From 1909 to 1919 he 
was employed in the telephone transmis- 
sion branch of the engineering department 
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of the American Telephone and Telegraph 
Company, New York. In 1919 he was 
sent by the Western Electric Company to 
Europe in connection with engineering a 
large toll telephone cable project in France. 
He was appointed transmission engineer of 
the American Telephone company later 
that year and in 1920 became chief engi- 
neer of the Chesapeake company. He was 
appointed assistant vice-president in 1929 
and general manager of the West Virginia 
company in 1931. He was elected vice- 
president and general manager of the 
Washington company in 1940. 


L. A. Kilgore (A’29, M’37) formerly 
head of the rectifier and motor section of 
the a-c generator department, Westing- 
house Electric Corporation, East Pitts- 
burgh, Pa., has been appointed assistant 
manager of the a-c generator department. 
Mr. Kilgore joined the corporation in 
1927 after his graduation from the Uni- 
versity of Nebraska. Mr. Kilgore is an 
ex-chairman of the AIEE committee on 
electric machinery and a member of 
Sigma Xi. M. R. Lory (A’40) has been 
named manager of the motor section of the 
department and J. L. Boyer (A ’43) man- 
ager of rectifier development. Mr. Lory, 
who holds the degree of bachelor of science 
from Colorado State College and the de- 
gree of master of science from Massachu- 
setts Institute of Technology, joined the 
Westinghouse corporation in 1928. Mr. 
Boyer has been with the corporation since 
he was graduated from Rice Institute in 
1942. He is a member of Tau Beta Pi. 


L. R. Milburn (A’20, F’39) electrical 
engineer, Great Lakes Steel Corporation, 
Ecorse, Mich., has been elected president 
of the Association of Iron and Steel Engi- 
neers. Mr. Milburn was graduated from 
the University of Michigan in 1918, and, 
after service in the United States Army, 
he entered the test course of the General 
Electric Company at Schenectady, N. Y., 
and Pittsfield, Mass. He was transferred 
to the Cleveland, Ohio, office in 1919 as 
complaint and installation engineer and 
to the Cincinnati, Ohio, office in 1923. 
From 1925 to 1929 he was engaged in 
construction work for the Louisville Gas 
and Electric Company. He joined the 
Great Lakes company as electrical drafts- 
man in 1929, became acting electrical 
engineer in 1933 and electrical engineer in 
1935; 


P. H. Maurer (A’33) formerly commer- 
cial application engineer, National Pneu- 
matic Company, New York, N. Y., has 
been appointed chief engineer of the com- 
pany. Mr. Maurer attended Newark 
College of Engineering and the University 
of Michigan. He previously was asso- 
ciated with the Bendix Aviation Corpora- 
tion and with the Hudson Motor Car 
Company as electrical engineer in charge 
of car engineering. At the outbreak of the 
war he was loaned to Sparks-Withingon 
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Company, Jackson, Mich., which was 
building link trainers but later he returned 
to the Hudson company which was opera- 
ting the Naval Ordnance Plant, Centerline, 
Mich. He was appointed executive engi- 
neer of the Redmond Company, Owosso, 
Mich., and in 1945 joined the National 
Pneumatic Company. He is a member of 
the Engineering Society of Detroit and the 
Society of Automotive Engineers. 


E. T. Augustine (A’27, M’33) formerly 
assistant chief engineer, Western Massa- 
chusetts Electric Company, Springfield, 
has been named assistant general superin- 
tendent of the company. Mr. Augustine 
was employed by the company in 1929 as 
system planning engineer. He was district 
engineer from 1932 to 1944 in which year 
he was appointed assistant chief engineer. 
M. G. Moses (A’41, M’42) formerly 
planning engineer, has been appointed 
assistant chief engineer of the system. A 
1927 graduate of the University of Minne- 
sota, he was employed in the radio research 
laboratory at Harvard University, Cam- 
bridge, Mass., from 1943 to 1945, the year 
he joined the Western Massachusetts 
company. Previously he had been asso- 
ciated with the Northwestern Public 
Service Company and the Northern States 
Power Company. 


A. B. Campbell (A’20, F’38) formerly 
eastern representative of Hughes Brothers, 
New York, N. Y., has been appointed 
executive secretary of the National Asso- 
ciation of Corrosion Engineers with head- 
quarters in Houston, Tex. Mr. Campbell 
holds the degrees of bachelor of science and 
electrical engineer from the University of 
Illinois. He joined the faculty of Iowa 
State College in 1915 and was appointed 
to the Iowa Board of Railroad Commis- 
sioners in 1920. He became associated 
with the National Electric Light Associa- 
tion in 1924 and continued with its suc- 
cessor, the Edison Electric Institute, until 
1943, at which time he joined Hughes 
Brothers. 


D. C. Inman (A ’38, M ’45) formerly engi- 
neering and service manager for the West- 
inghouse Electric Corporation, Cleveland, 
Ohio, has been appointed engineering 
manager of the district engineering and 
service department, East Pittsburgh, Pa. 
A graduate of Colorado Agricultural Col- 
lege, Mr. Inman joined the company in 
1925. After ten years in the control engi- 
neering department, he joined the Pitts- 
burgh, Pa., engineering division of the 
company as consulting and application 
engineer. In 1938 he was transferred to 
the Cleveland office and became man- 
ager in 1941. He is a past president of the 
Cleveland Engineering Society. 


Hector Sleeman (M ’27, F ’36) colonel in 
the British Army, who during the war 
served in Burma and India with the Royal 
Artillery and the Indian Electrical and 
Mechanical Engineers, will be released 
from active service in January 1947. After 
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a trip to engineering establishments in 
Great Britain, Canada, and the United 
States, Colonel Sleeman intends opening a 
consulting firm in Melbourne, Australia. 
Before entering military service in 1939, 
Colonel Sleeman was chief engineer of the 
Rangoon (Burma) Electric Tramways and 
Supply Company. 


J. O. Johnson (A’36, M’43) formerly 
chief product engineer, product engineer- 
ing division, Aircraft-Marine Products, 
Inc., Harrisburg, Pa., has been appointed 
assistant general manager of the Buchanan 
Electrical Products Company, Inc. Mr. 
Johnson, who was graduated from Rensse- 
laer Polytechnic Institute in 1931, was 
associated with Sears Roebuck and Com- 
pany, Chicago, IIl., until 1933. He was 
assistant to the chief electrical engineer at 
the Material Laboratory, United. States 
Navy Department, Brooklyn, N. Y., from 
1934 to 1940, and became chief product 
engineer with Aircraft-Marine Products in 
1941. 


W. D. Coolidge (A’10, M34) retired 
director of the General Electric Research 
Laboratory, Schenectady, N. Y., has been 
appointed to head the new General Elec- 
tric atomic research and development 
laboratory at the Hanford engineer works 
near Richland, Wash. Doctor Coolidge 
has been X-ray consultant to the General 
Electric Company since his retirement in 
1945 (EE, Mar ’45, p 125). He has been 
associated with the atomic bomb project 
since 1941 at which time he was one of the 
six men selected to evaluate the military 
importance of uranium, 


W. A. MacCrehan, Jr. (A ’43) formerly 
supervisor of quality control in the motor 
division, General Electric Company, Lynn, 
Mass., has been appointed assistant pro- 
fessor of administrative engineering and 
director of the Gage Laboratory at New 
York University, New York, N. Y. Mr. 
MacCrehan has been instructor for the 
State University extension courses in 
quality control at Harvard University, 
Cambridge, for the past three years and 
at Boston University Evening College of 
Commerce for 1945-46. He is a member 
of the National Society for Quality Control, 
the American Standards Association, and 
the American Society of Tool Engineers. 


S. G. Lutz (A°38) formerly head of the 
measurements and direction-finding sec- 
tion of the Naval Research Laboratory, 
Washington, D. C., has been appointed 
chairman of the electrical engineering de- 
partment of the College of Engineering of 
New York (N. Y.) University. Doctor 
Lutz received from Purdue University 
the degree of bachelor of science in 1933, 
master of science in 1934 and doctor of 
philosophy in 1938. He was assistant 
professor at Southern Methodist Uni- 
versity, Dallas, Tex., from 1938 to 1940. 
In 1940 he joined the Naval Laboratory. 
He is a member of the Institute of Radio 
Engineers and the American Society for 
Engineering Education. 
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G. L. Rosenberger (A °31) superintendent 


of construction, Virginia Electric and 


Power Company, Alexandria, has retired. 
Mr. Rosenberger has been with the Vir- 
ginia Power company and its predecessors 
since 1924. Previously he was superin- 


tendent of public utilities for Manassas, — 
-Vaz., from 1914 to 1920 and superintendent 


of the Herndon Light and Supply Com- 
pany from 1920 to 1922. As superintendent 
of the Fairfax—Loudon Light and Power 
Company from 1922 to 1924, he built the 
first transmission line between Alexandria 
and Leesburg, Va. 


W. G. Worcester (A ’42) engineer, general 
engineering laboratory, General Electric 
Company, Schenectady, N. Y., has been 
appointed assistant professor of electrical 
engineering at the University of Colorado, 
Boulder. Professor Worcester was gradu- 
ated from the University of Colorado in 
1939 with the degree of bachelor of science 
and received the degree of master of science 
from California Institute of Technology in 
1940. He has been with the General Elec- 
tric Company since 1941. He is a member 


‘of Tau Beta Pi, Eta Kappa Nu, and Sigma 


Xi. 


E. R. McKee (A ’30, M ’36) professor and 
head of the department of electrical engi- 
neering, University of Vermont, Burlington, 
and acting dean of the college. of engi- 
neering, has been named dean of the new 
College of Technology at the University. 
Professor McKee, who holds the degrees of 
bachelor of science, master of science, and 
electrical engineer from Iowa State College, 
has been a member of the faculty of the 
University of Vermont since 1934. 


T. J. Bostwick (A’18, M26) chief elec- 
trical engineer, Aluminum Company of 
America, Pittsburgh, Pa., has retired. 
However Mr. Bostwick will remain avail- 
able to the company and its subsidiaries as 
consulting engineer. Mr. Bostwick was 
born in 1876 in Oswego, N. Y. After two 
years in the students’ course at the West- 
inghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa., and three as 
electrician for the Niagara Falls (N. Y.) 
Power Company, he joined the Aluminum 
Company in 1900 as electrical engineer. 
In 1912 he was made assistant chief elec- 
trical engineer and in 1924 chief electrical 
engineer. 


H. E. Kent (A’25, M’31) engineer with 
the Edison Electric Institute, New York, 
N. Y., has been appointed director of en- 
gineering. Mr. Kent, who was born in 
1901 in Providence, R. I., holds the de- 
grees of bachelor and master of science 
from Massachusetts Institute of Tech- 
nology. Mr. Kent has been associated 
first with the National Electric Light Asso- 
ciation and then with the Edison Electric 
Institute since 1924. He has been con- 
cerned particularly with the problem of the 
inductive co-ordination of power and com- 
munication circuits. He is a member of 
Tau Beta Pi. 
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F. E. Nutt (A°36) formerly assistant sales 
manager, Crocker-Wheeler Electric Manu- 


facturing Company, division of Joshua 


Hendy Iron Works, Ampere, N. J., has been 
appointed executive engineer of the divi- 
sion. Mr. Nutt is a 1931 graduate of the 
University of Denver. Before joining the 
Crocker-Wheeler sales department in 1942 
he was a student engineer and assistant in 
the high voltage laboratory of the General 
Electric Company, Pittsfield, Mass. He 
was Crocker-Wheeler sales representative 
in Washington, D. C., from 1943 until in 
1945 he was made assistant sales manager. 


C. S. Allen (A ’31, M’37) formerly assist- 
ant general manager, Sawyer Electrical 
Manufacturing Company of Los Angeles, 
Calif., has been elected vice-president and 
general manager of the company. Mr. 
Allen was graduated from Mississippi 
State College in 1929 and, after completing 
the test course at the General Electric Com- 
pany, was assigned to the fractional horse- 
power motor engineering department as 
design engineer. He joined the Sawyer 
Company as chief engineer in 1945. 


R. C. Mason (A ’26, M ’37) of the electro- 
physics department, Westinghouse Re- 
search Laboratories, East Pittsburgh, Pa.; 
J. W. Simpson (A ’43) section engineer of 
the company’s switchboard engineering de- 
partment; and A. H. Toepfer (A731, 
M °39) application engineer in the district 
engineering and service department; have 
been loaned for one year to the Institute of 
Nuclear Studies which is being established 
at Oak Ridge, Tenn., to provide channels 
for co-operative research between govern- 
ment, universities, and industrial concerns. 


E. I. Smith (A ’32) until recently with the 
Signal Corps, has been appointed telegraph 
superintendent of the Atlantic Coast Line 
Railroad Company, New York, N. Y. Mr. 
Smith was with the Western Union Tele- 
graph Company from 1931 until he entered 
military service in 1942. During the war he 
served as chief signal officer, radio station 
WAR, Washington, D. C., and spent 34 
months in Africa and Europe. 


R. W. Harper (A ’26, M ’36) of Bell Tele- 
phone Laboratories, Inc., New York, 
N. Y., and recently lieutenant colonel and 
commanding officer of the 71st Region, 
Plant and Engineering Agency, Army 
Communications Service, has received the 
Army Commendation Ribbon. The cita- 
tion states that he ‘‘capably discharged 
important responsibilities in directing and 
co-ordinating the. construction and instal- 
lation of radio communication facilities and 
navigational aids for aircraft to complete 
communications along the routes of the 
Air Transport Command.” 


A. W. Post (A706, M’28) equipment cost 
studies engineer, long lines department, 
American Telephone and Telegraph Com- 
pany, New York, N. Y., has retired. Mr. 
Post was graduated from the Polytechnic 
Institute of Brooklyn in 1909 and that year 
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entered the plant department of the long 
lines department. He was transferred to — 
the engineering department in 1917. In 
recent years he has been concerned with 
costs of central office and other equipment 
associated with the long lines plant. 


H. GC. Purcell (A’41) formerly electrical 
designer, engineering department, Hawai- 
ian Howard Electric Company, Honolulu, 
T. H., and C. R. Day (A’44) formerly 
assistant engineer, Modesto (Calif.) Irri- 
gation District, have been appointed assist- 
ant designing engineers for the Sacra- 
mento (Calif.) Municipal Utility District. 
Mr. Purcell is a graduate of Stanford Uni- 
versity and Mr. Day of the University of 
California. 


D. H. Lauder (M’45) formerly assistant 
manager, service engineering division, 
General Electric Company, Schenectady, 
N. Y., has been appointed works manager 
of the company’s newly acquired Hanford 
(Wash.) engineer works (EE, July °46, 
fp 361). The atomic energy research in 
progress at Hanford has been designated 
the General Electric Nucleonics Project. 
Mr. Lauder has been with the company 
since he was graduated from the Univer- 
sity of Pittsburgh in 1922. 


A. B. Morgan (A’28, M’35) formerly rate 
and power consultant, Edison Electric 
Institute, New York, N. Y., has been ap- 
pointed managing director of the institute. 
A graduate of Massachusetts Institute of 
Technology, Mr. Morgan joined the 
National Electric Light Association, prede- 
cessor of EEI, in 1927 as an assistant en- 
gineer. He was titled engineer and rate 
and power consultant in 1933. 


A. W. Melloh (A’38, M45) senior tele- 
phone engineer, Stromberg-Carlson Com-_ 
pany, Rochester, N. Y., has been appointed 
to the telephone transmission group and 
will be responsible for the development of 
carrier-current equipment. Mr. Melloh, a 
graduate of the University of Minnesota, 
trained officers and enlisted personnel in 
the operation and maintenance of under- 
water sound equipment at the Navy’s San 
Diego (Calif.) laboratory during the war. 


J. W. Mullally (A’45) formerly manager of 
bare and weatherproof sales for the Ana- 
conda Wire and Cable Company, New 
York, N. Y., has been appointed manager 
of utility sales. Previously Mr. Mullally 
served as district manager for the company 
in Pittsburgh, Pa. During the war he 
served for three years as chief of the Wire 
Mill Branch of the Copper Division of the 
War Production Board. 


D. I. Bohn (A’23, M’41) formerly elec- 
trical engineer, has been appointed chief 
electrical engineer of the Aluminum Com- 
pany of America, Pittsburgh, Pa. Mr. 
Bohn, who was graduated from the Uni- 
versity of Wisconsin in 1921, entered the 
employ of the company as assistant elec- 
trical superintendent in Badin, N. C., in 
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1923 and was made superintendent in 
1925. He was transferred to Pittsburgh as 
electrical engineer in 1928. 


E. A. Ossmann (A 44) electronic engineer, 
Allen B. Du Mont Laboratories, Inc., has 
been named New York State factory repre- 
sentative for the company. Mr. Ossmann 
will have his headquarters in Rochester, 
N. Y. A graduate of Manhattan College, 
Mr. Ossmann previously was associated with 
the Anaconda Copper Corporation and the 
General Electric Company and served in 
the Armed Forces. 


G. P. Lehmann (A ’35) formerly colonel, 
12th Air Force Service Command, has been 
appointed assistant manager of the plastics 
division, General Electric Company, Pitts- 
field, Mass. Mr. Lehmann had. been 
with the General Electric Company from 
1935 until he went on active duty as a 
lieutenant in 1941. 


J. H. Howard (A ’41) research supervisor, 
Engineering Research Associates, St. Paul, 
Minn., has received the award of the Le- 
gion of Merit from the United States Navy 
in recognition of outstanding service per- 
formed while on duty with the Division of 
Naval Communications. Mr. Howard 
served in the Navy from 1943 to 1946 and 
was a lieutenant at the time of his release 
from duty. 


F. B. Silsbee (A ’13, F ’42) formerly chief 
of the electric instruments section, Na- 
tional Bureau of Standards, Washington, 
D. C., has been appointed chief of the 
division of electricity of the bureau. 
Doctor Silsbee, who holds the degrees of 
bachelor and master of science from 
Massachusetts Institute of Technology and 
received the degree of doctor of philosophy 
from Harvard University in 1915, has 
been with the National Bureau of Standards 
since 1911. He became chief of the 
electric instruments section in 1939. 


W. R. Lyon (A’20, M’26) recently 
lieutenant colonel in the Army Air Forces, 
Wright Field, Ohio, has returned to Bell 
Telephones Laboratories, Inc,, New York, 
N. Y. For about half of his five and a 
half years in the Army, he was resident 
representative in a number of manu- 
facturing plants in Ohio and Indiana. 
For over two years he was successively 
instructor in electrical engineering at the 
AAF Engineering School and professor at 
the AAF Institute of Technology, Wright 
Field. 


D. E. B. Corson (A’33, M’41) formerly 
sales manager of the power division of 
Aerovox Corporation, New Bedford, Mass., 
has been appointed manager of the special 
products division of Solar Manufacturing 
Corporation, New York, N. Y. A 1932 
graduate of Massachusetts Institute of 
Technology, Mr. Corson previously was 
sales manager of the power factor division 
of Cornell-Dublier Electric Corporation, 
South Plainfield, N. J. 
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Mary F. Blade (A’35) who has been 
appointed instructor in machine drawing 
at Cooper Union, New York, N. Y., will 
be the first woman faculty member in the 
school of engineering in 87 years. Mrs. 
Blade, who was graduated from the 
University of Utah in 1934, since has been 
electrical engineer for the Southern Utah 
Power Company, Cedar City, and methods 
engineer for the United States Employ- 
ment Service. 


L. W. Whitton (A ’40) formerly production 
manager, Otis Elevator Company, New 
York, N. Y., has been appointed manager 
of operations. A 1922 graduate of the 
University of California, Mr. Whitton 
joined the company in 1919 in San Fran- 
cisco, Calif., was transferred to New York 
in 1936, and has been production manager 
since 1944, 


W. E. Tinsley (A’44) works engineer, 
Sperry. Gyroscope Company, Great Neck, 
N. Y., is one of the first three engineers to 
receive graduate scholarships under a 
newly instituted plan of the company. 
Mr. Tinsley is studying for the degree of 
master of science in aeronautical engi- 
neering at New York University. 


D. A. Quarles (A’23, F’41) director of 
apparatus development, Bell Telephone 
Laboratories, Inc., New York, N. Y., has 
become a member of the committee on 
electronics of the Joint Research Board. 
Three officers each from the Army and 
Navy and two other civilians complete 
the committee. 


E. E. Browning, Jr. (M’38) formerly 
plant extension engineer, operations and 
engineering department, American Tele- 
phone and Telegraph Company, New 
York, N. Y., has been placed in charge of 
a new section on engineering results in 
that department with the title of results 
engineer. 


G. W. Morgan (A’37) formerly design 
electrical engineer, Gulf States Utilities 
Company, Beaumont, Tex., has joined 
the Hawaiian Electric Company, Ltd., 
Honolulu. Mr. Morgan, who joined the 
Gulf States company in 1940, previously 
had worked for Stone and Webster Engi- 
neering Corporation. 


E. M. Strong (A’26, M’40) professor 
and chairman of the electrical engineering 
division, Cornell University, Ithaca, N. Y., 
has been appointed to represent the 
Illuminating Engineering Society in the 
division of engineering and industrial re- 
search of the National Research Council. 


Edward Kerschner (A°’19) formerly 
eastern district manager, General Cable 
Corporation, New York, N. Y., is now 
president of The Electrical Distributors 
Company, Philadelphia, Pa., which repre- 
sents electrical manufacturers in the 
Philadelphia, Pa.; Baltimore, Md.; and 
Washington, D. C., areas. 
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Henry Metcalf Hobart (A’94, M’99, 
F’12) consulting engineer, Schenectady, 
N. Y., died October 11, 1946. Born 
November 29, 1868, in Boston, Mass., Mr. 
Hobart was graduated from Massachusetts 
Institute of Technology with the degree of 
bachelor of science in electrical engineering 
in 1889. That same year Mr. Hobart 
commenced his career with the Thomson- 
Houston Electric Company, Lynn, Mass. 
In 1894 he went to Schenectady, N. Y., 
with the General Electric Company, where 
he was assistant to C. P. Steinmetz, who, 
in recommending Mr. Hobart for AIEE 
membership, called him “‘one of the best 
electrical engineers I ever met.” He re- 
turned to Lynn in 1895, remaining until 
in 1896 he joined the British Thomson- 
Houston Company, London, England. 
In 1900 he became associated with the 
Union Electricitats Gesellschaft in Berlin, 
Germany. From 1903 to 1911 he con- 
ducted a private consulting practice in 
London, afterwards returning as consulting 
engineer to the General Electric Company. 
He retired in 1940. Mr. Hobart was a 
lecturer at the University College, London, 
from 1908 to 1911 and lectured also at 
Northampton Institute and Faraday House 
in London, and he was external examiner 
for the University of Sheffield for a number 
of years. He delivered the James Forrest 
Lecture before the Institution of Civil 
Engineers in 1915. He was author and 
coauthor of more than a dozen books, 
some of which were translated into French 
and German, and was also author of many 
technical papers. At least 30 patents were 
issued in his name. In 1936 he received 
the Samuel Wylie Miller Memorial Medal 
of the American Welding Society. Mr. 
Hobart maintained a life-long interest in 
AIEE activities. He served as manager for 
1922-26, vice-president for 1926-28, and 
chairman of the Schenectady Section for 
1914-15. At various times he was member 
of the following AIEE committees: execu- 
tive, Edison Medal, Standards, electric 
machinery, electric welding, research, and 
transportation. He represented the AIEE 
on the American Bureau of Welding, the 
American Engineering Council, the Ameri- 
can Standards Association, and the United 
States National Committee of the Interna- 
tional Electrotechnical Commission. He 
was a member of the American Welding 
Society, the American Society of Mecha- 
nical Engineers, the American Association 
for the Advancement of Science, the In- 
stitution of Civil Engineers, the Institution. 
of Mechanical Engineers, and the Institu- 
tion of Electrical Engineers. 


Sylvester Bedell Way (A°’03, F’38) 
chairman of the boards of the Wisconsin 
Electric Power Company, the Milwaukee 
Electric Railway and Transport Company, 
the Wisconsin Gas and Electric Company, 
and the Wisconsin Michigan Power Com- 
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” pany, Milwaukee, Wis., died September 20, 


1946. Born August 29, 1874, in Phila- 
delphia, Pa.. Mr. Way was graduated 
from Drexel Institute in 1896. He was 


_ awarded the honorary degree of doctor of 


science by that institution in 1942. Aftera 
brief period with the Electric Storage 


‘Battery Company, Philadelphia, he be- 


came chief electrical engineer and super- 


-intendent of what is now the Union Elec- 
tric Light and Power 


Company, St. 
Louis, Mo., in 1898. In 1911 he was 
appointed assistant general manager of the 
Milwaukee Electric Railway and Light 
Company. He became vice-president and 
general manager in 1914 and president in 
1925. He relinquished the position of 
general manager in 1934 and was elected 
chairman of the board in 1945. It was 
under Mr. Way’s direction that the com- 
pany’s Lakeside power plant was designed 
and became the first large central station 
constructed for the exclusive use of pul- 
verized fuel. In 1917 he was given direct 
supervision of the company’s street rail- 
way, and to solve the man power problem 
during World War I, he designed and 
patented the center truck construction 
for two-car articulated trains. Mr. Way 
was director of the First Wisconsin Na- 
tional Bank, the First Wisconsin Trust 
“Company, the Milwaukee Association, the 
the Milwaukee Community Fund, the 
Council of Social Agencies, and the Mil- 
waukee Foundation. He was a member of 
the Engineers’ Society of Milwaukee. 


William H. Matthies (M’26, F’29) 
retired systems engineer for Bell Tele- 
phone Laboratories, Inc., New York, N. Y., 
died October 20, 1946, in Hackensack, 
N. J. Mr. Matthies was born January 
28, 1879, in Hamburg, Germany, and was 
graduated from Massachusetts Institute 
of Technology in 1902 with the degree of 
bachelor of science in electrical engineer- 
ing. After graduation he joined the West- 
ern Electric Company as student engineer 
and was titled equipment engineer in 1903 
and as such began to specialize on circuit 
design work. At that time he worked on 
the first dial exchange in the United States. 
He was appointed chief engineer of the 
company’s Berlin, Germany, branch in 
1905 and while in that position engineered 
and placed in service the first common 
battery switchboards in use in Germany 
and Scandinavia. 
the staff of the European chief engineer of 
the company from 1911 to 1916 at Ant- 
werp, Belgium, specializing in machine 
switching development. He returned to 
New York in 1916 and was placed in 
charge of machine switching circuit de- 
velopment. Under his leadership both 
the crossbar system of dial exchanges and 
the earlier panel system were developed. 
In 1921 he was given charge of all local 
central office systems development and of 
private branch exchange development and 
after 1925 continued with that work for 
Bell Telephone Laboratories. Mr. Mat- 
thies held more than 30 patents now in use 
in Bellequipment. He retired in 1943. 
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John Winchell Creasey (A’20, M’29) 
division plant superintendent, plant de- — 
partment, American Telephone and Tele- 


graph Company, St. Louis, Mo., died 
recently. Born January 10, 1892, in Rich 
Hill, Mo., Mr. Creasey received the degree 
of bachelor of science in electrical engineer- 
ing from the University of Missouri in 
1914. After a year as student apprentice 
with the General Electric Company, 
Fort Wayne, Ind., Mr. Creasey was em- 
ployed briefly as electrician for the Chicago, 
Burlington, and Quincy Railway, North 
Kansas City, Mo., and by Peet Brothers 
Manufacturing Company, Kansas City, 
Kans. He entered the Bell System in 
1916 as equipment attendant for the Ameri- 
can Telephone and Telegraph Company, 
Kansas City, Mo., and the following year 
was transferred to St. Louis as inspector. 


. In 1919 he was made district plant man- 


ager in Kansas City and from 1922 to 1924 
he was assigned to the general plant man- 
ager’s office in New York, N. Y. He re- 
turned to Kansas City as district plant 
superintendent in 1924 and in 1929 was 
transferred to Dallas, Tex., in the same 
position. 
general plant superintendent in St. Louis 
in 1933, he served in the office of the gen- 
eral plant superintendent until in 1936 he 
was made area plant supervisor. After 
serving as outside plant engineer in New 
York from 1937 to 1940, he became divi- 
sion plant superintendent in St. Louis. 


James Mowton Saunders Waring (A ’06) 
retired member of the engineering firm of 
Chase and Waring, New York, N. Y., died 
October 23, 1946. He was born January 
8, 1874, in Baltimore, Md., and was gradu- 
ated from Johns Hopkins University in 
1896. After experience with the United 
Railways and Electric Company, Balti- 
more, from 1896 to 1901 and later with 
the Electric Storage Battery Company, 
Chicago, Ill., he joined the firm of L. L. 
Summers and Company, consulting engi- 
neers of Chicago, Ill., about 1911. During 
the first world war he served as a colonel 
in the Ordnance Department at Nitro, W. 
Va. He became a partner in the firm of 
Chase and Waring in 1927. In 1939 Mr. 
Waring was appointed research director 
of the political philosophy and_ social 
science department at Fordham Univer- 
sity, New York. During World War II he 
was adviser to the War Production Board 
and the New York State and Maryland 
Planning Commissions. He was a former 
president of the Virginia Military In- 
stitute Alumni Association and belonged to 
the Army and Navy Club of Washington, 
D. CG. 


Hector Tabossi (A’12, M19) director 
and manager, electrical department, Gen- 
eral Electric Company of South America, 
Buenos Aires, Argentina, died June 15, 
1946. Born October 21, 1889, in Con- 
cepcion del Uruguay, Argentina, Mr. 
Tabossi was graduated from Ohio State 
University in 1910 with the degree of 
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mechanical engineer in electrical engineer- 
ing. In 1912 he received the degree of 
master of electrical engineering from Har- 
vard University. After a year with the 
General Electric Company, Lynn, Mass., 
he became assistant electrical engineer 
with J. G. White and Company, Ltd., 
London, England. In 1916 he joined the 
British Thomson-Houston Company, Ltd., 
Rugby, England, as commercial engineer, 
and remained with it until in 1930 he was 
named commercial engineer for the Gen- 
eral Electric Company of South America. 
He was appointed director and chief engi- 


neer in 1935, and director and manager of | 


the electrical department in 1938. 


Ferris LeRoy Francisco (A’04, M16) 
senior partner, Francisco and Jacobus, 
Engineers and Architects, New York, N. Y., 
died October 11, 1946. Mr. Francisco 


was born October 23, 1879, in Cleveland, — 


Ohio. His earliest engineering experience 
was gained at electric light, railway, and 
power house construction work from 1896 
to 1902. In 1902 he became electrical 
engineer for the American Tobacco Com- 
pany, Louisville, Ky., and in 1903 he was 
named supervising electrical engineer. He 
was appointed chief engineer for the com- 
pany in 1905. In 1912 he organized his 
own consulting firm with F. R. Jacobus as 
partner. Mr. Francisco was a member of 
the American Society of Civil Engineers, 
The American Society of Mechanical En- 
gineers, and of the Union League Club of 
New York. 


James Harrison (A’03, F’25) retired 
engineer of the Southwestern Bell Tele- 
phone Company, St. Louis, Mo., died 
June 16, 1946. Mr. Harrison was born 
September 25, 1874, in St. Louis, and 
after attending Washington University 
for a brief period was graduated in 1896 
from Harvard University with the degree 
of bachelor of science in electrical engi- 
neering. He joined the Kinloch Tele- 
phone Company, St. Louis, in 1897 as time- 
keeper and surveyor on conduit work and 
in 1898 was named cable inspector. The 
following year he was made wire chief and 
assistant chief engineer, and in 1906 he 
was appointed chief engineer. He as- 
sumed the additional duties of assistant 
general manager in 1917. When the 
company was merged with the Southwest- 
ern Bell Telephone Company in 1923, he 
was titled engineer in the general engineer- 
ing department. He retired from the 
Bell company in 1933, During the war 
he was active in the Victory Loan drives. 


Clarence Ray Herrington (A’45) resi- 
dent engineer, Southwestern Public Service 
Company, Amarillo, Tex., died September 
5, 1946. He was born May 10, 1900, in 
Kansas City, Mo. Mr. Herrington had 
been employed by the Public Service 
company since 1917. With previous ex- 
perience in meter and relay testing, 
switchboard wiring, and substation and 
power plant construction and maintenance, 
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he was made foreman of power plant and 
substation construction and maintenance 
in 1939. He became supervisor of sub- 
station and power plant maintenance in 
1942 and resident engineer at Carlsbad, 
N. Mex., in 1944. He was a member of 
the Southwestern Metermen’s Association. 


Milton P. Kerr (M41) assistant general 
manager, Wheeling (W. Va.) Electric 
Company, died October 7, 1946. He was 
born January 4, 1889, in Allegheny, Pa. 
After brief employment as timekeeper and 
assistant superintendent of the West Penn 
Electric Company, Pittsburgh, Pa., he 
was employed as material procurement 
man and record clerk by the Wheeling 
Electric Company in 1914. He served in 
the United States Army in 1918 and re- 
turned in 1919 to the Wheeling company 
as assistant to the general superintendent. 
He was sucessively construction superin- 
tendent and transmission superintendent 
for the Ohio Power Company, Canton, 
from 1923 to 1935. He returned to the 
Wheeling company in 1936 as general 
superintendent and recently was appointed 
assistant general manager. 


Ranjit Singh Jain (M’39) professor of 
electrical engineering, Benares Hindu 
University, Benares, India, died in April 
1946. Professor Jain was born October 3, 
1892, in Delhi, India, and was graduated 
from the University of Illinois with the 
degree of bachelor of science in electrical 
engineering in 1915. He was assistant 
engineer with the Reliance Electric and 
Engineering Company, Cleveland, Ohio, 
from 1915 to 1919 and in the latter year 
was appointed manager of engineering for 
India. He returned to India in 1921 and 
was appointed professor at Benares Hindu 
University. He was acting head of the 
university in 1939. Professor Jain was an 
Associate of the AIEE from 1916 to 1937 
and was a member of the Institution of 
Electrical Engineers. 


Roy Clarence Arter (A ’39) chief engineer, 
North Electric Manufacturing Company, 
Galion, Ohio, died September 22, 1946, 
He was born November 13, 1889, in Galion, 
Ohio, and attended Ohio Northern Uni- 
versity. Mr. Arter entered the employ of 
the North Electric Company in 1911 as 
wireman, tester, and draftsman. He was 
named resident factory engineer in 1914 
and engineer in charge of design, produc- 
tion, and sales in 1918. In 1922 he was 
appointed chief engineer. 
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Recommended for Transfer 


The board of examiners, at its meeting of October 17, 
1946, recommended the following members for trans- 
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fer to the grade of membership indicated. Any ob- 
jection to these transfers should be filed at once with 
the secretary of the Institute. 


To Grade of Fellow 


Bushman, A. K., manager, application & serv. engg. 
div., apparatus dept., General Elec. Co., Sche- 
nectady, N. Y. ‘ ; 

Concordia, C., analytical ene central station 
engr. divs., General Elec. Co., Schenectady, N. Y. 

Edwards, M. A., assistant engineer, general ba & 
const. lab., General Elec. Co., Schenectady, N. Yy 

Foust, C. M., division engineer, high voltage & 
nucleonics div., General Elec. Co., Schenectady, 


Johnson, E. E., manager of engineering, apporatis 
dept., General Elec. Co., Schenectady, N. Y. 
Kilbourne, C. E., deeming engineer, motor & pen 
tor div., General Elec. Co., Schenectady, N. Y. 

Nance, H. it, engineer, foe jue dept., Amer, Tel. 
& Tel. Co., New York, we 

Suits, C. G., vice-pres. & director, General Elec. 

esearch Lab., Schenectady, N. Y. 

White, W. C., electronics engineer, research lab., 
General Elec. Co., Schenectady, N. Y. 

9 to grade of Fellow 


To Grade of Member 


Agner, O. B., sales engineer, Westinghouse Elec. Corp., 
Philadelphia, Pa. P 

AtLee, R. ¥ engineer, Amer. District Teleg. Co., 
New York, N. Y. 

Baker, H. W., engineer, service dept., Independent 
Elec. Machy. Co.; owner, designer engineer, 
Baker Motion Picture Apparatus Co., Kansas City, 


oO. 

Bostock, G. M., assistant to mgr., switchgear div., 
General Elec. Co., Philadelphia, Pa. 

Bueche, H. S., prof. electrical engineering, Villanova 
College, Villanova, Pa. 

Buss, R. R., assistant prof. elec. engg., Northwestern 
University, Evanston, III. J 
Campbell, R. E., engineer, Commonwealth Edison 

Hei Chicago, Ill. 

Chernoff, J. L., electrical engineer, U. S. Bureau of 
Reclamation, Denver, Colo. 

Corden, H. F., general office engineer, dept. of power, 
Tennessee Valley Authority, Chattanooga, Tenn. 

Gross, G. J., assistant engineer, Locke Insulator Corp., 
Baltimore, Md. 

Gund, R. A., product engineer, General Elec. Co., 
Shenectady Neve 

Heckendorn, H., electrical engineer, Western Elec. Co., 
Chicago, Ill. 

Howard, L. E., district cable specialist, General Elec. 
Co., Philadelphia, Pa. 

Hunter, A., electrical designer, Electro-Hydraulics 
(Messier), Ltd., Warrington, Lanc., England. 
Kelley, F. B., supt. electrical construction, Kansas 

City Pr. & Lt. Co., Kansas City, Mo. 

Kurz, C. G., senior electrical engineer, U. S. Maritime 
Comm., Washington, D, C. 

Lebenbaum, P., Jr., electrical engineer, General Elec. 
Co., Lynn, Mass. 

Loustaunau, J. J., chief electrical engineer, E. B. 
Badger & Sons, Co., Boston, Mass. 

Lukens, A. F., industrial engineer, General Elec. Co., 
Lynn, Mass. 

Lutz, S. G., chairman, dept. of elec. engg., New York 
University, New York, N. Y. 

McCartney, C. B., consulting engineer, Box 1050, St. 
Petersburg, Fla. 

Miller, N. C., instructor, University of Minnesota, 
dept. of elec. engg., Minneapolis, Minn. 

Miller, R. E., research & development engineer, 
Garis Development & Mfg. Co., Milwaukee, 

is. 

Olmsted, F. A., electrical engineer, Erik Floor & As- 
sociates, Chicago, Ill. 

Pierce, R. M., vice-president in charge of engineering, 
WGAR, WJR, KMPC, Cleveland, Ohio. 

Preisel, E. A., electrical engineer, U. S, Navy Yard, 
New York, N. Y. 

Redding, F. A., supervisor, meter section, frequency 
change dept., eee Calif. Edison Co., Ltd., 
Alhambra, Calif. 

Reichel, A. N., chief estimator, Busch Bros., Inc., 
Englewood, N. }. 

Richards, K. W., electrical engineer, Dow Chemical 

to., Midland, Mich. 

Roos, W. B., supt., laboratory, Mexican Lt, & Pr, Co.; 
pee elec. engg., Mexican National University, 

exico, D. F., Mex. 

Sanger, J. H., electrical engineer, Walter Walkling & 
Associates, Denver, Colo. 

Springer, C. B., assistant engineer, Locke Insulator 
Corp., Baltimore, Md. 

Stefanetti, H. J., assistant supervisor, Pacific Gas & 
Elec, Co., Marysville, Calif. 

aeons ek A., consultant, 30 Broad St., New York, 


Torian, J. T., member of technical staff, Bell Tel. 
Laboratories, Inc., New York, N. Y, 

VanWambeck, S. H., associate professor, dept. of elec. 
engg., Washington University, St. Louis, Mo. 

Vowels, R. E., State Electricity Comm., Parbury 
House, Brisbane, Queensland, Australia. 

Williams, C. L., chief engineer, Compania Colombiana 
de Electricidad, Barranquilla, Colombia, S. A. 

Williams, E. M., associate prof. elec, engg., Carnegie 
Institute of Technology, Pittsburgh, Pa. 
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Yates, J. E., safety supervisor, Pacific Pr, & Lt. Co., 
ortland, Oreg. i 
Yavitz, M., engineer, S. C. Sachs Co., Inc., St. Louis, 


oO. 
41 to grade of Member 


Applications for Election 


Applications have been received at headquarters 
from the following candidates for election to member- 
ship in the Institute. Any member objecting to the 
election of any of these candidates should so inform 
the secretary before December 21, 1946, or February 
21, 1947, if the applicant resides outside of the United 
States or Canada. 


To Grade of Member 


i < W., Abbett Elec. Co., San Francisco, 

alif. 

Abray, C. H., Canada Coach Lines, Ltd., Hamilton, 
Snt., Canada. 

Bian: F.H., J. S. Clark Equip. & Mfg. Co., El Paso, 

ex. 

Allen, M., Messrs. Ashanti Goldfields Corp., Ltd., 
London, England. 

Annis, R. B., R. B. Annis Co., Indianapolis, Ind. 

Auten, L. D., R.D. #3, Fredericktown, Ohio. _ 

Ayers, O. T., Jr., Florida Pr. & Lt. Co., Miami, Fla. 

Bisbee, me ., E. I. duPont de Nemours, Wilming- 
ton, Del. 

Bostwick, W. G., Precision Welder & Machine Co., 
Cincinnati, Ohio. 

aoe N. R., Sinclair Refining Co., East Chicago, 


Byrd, W., Jr., General Cable Corp., Boston, Mass. 
eri M., U. S. Naval Ship Yard, Charleston, 


Cromae ir E., Virginia Elec. & Pr. Co., Richmond, 


a. 
Cutler, C. W., General Elec. Co., Chicago, Ill. 
eye W. H., Aluminum Co. of America, New 
ensington, Pa. 
Dunn, R. E., Sanderson & Porter, Saltville, Va. 
Fitch, L. C., Public Service Elec. Co., Irvington, N. J. 
Forbes, H. E., Alabama Pr. Co., Tuscaloosa, Ala. 
Garrison, E. W., Jr., Usco Pr. Equipment Corp.,~ 
Birmingham, Ala. 
Geohegan, W. A., Cornell Univ. Medical College, 
New York, N. Y. 
bia » E., West Va. Pulp & Paper Co., Charleston, 


Greene, B. F., 225 W. 34th St., New York, N. Y- 
Herr, ae L., Control Instrument Co., Inc., Brooklyn, 


IN. . 

Humphrey, G. W., B. F. Goodrich Chemical Co., 
Louisville, Ky. 

Iberg, E., The Austin Co., Cleveland, Ohio. 

Kist, C., Dept. of Water &.Pr., Los Angeles, Calif. 

Lovell, W. E., Univ. of Saskatchewan, Saskatoon, 
Sask., Canada. 

gr M. M., Bureau of Reclamation, Phoenix, 
Ariz, 

may W. R., Raytheon Mfg. Co., Waltham, 


ass. 

Mitchell, J. G. (Re-election), 7720 Sheridan Ave., 
Chicago, Ill. 

Rawlinson, R., Campbell & Isherwood, Ltd., Liver- 
pool, England. 

Richart, R. R., McGraw-Hill Publishing Co., New 
York, N. Y. 

St. John, L. E., General Aniline & Film Corp., Bing- 
hamton, N. Y. 

Schoenhaar, L. H., Consolidated Gas & Elec. Co., 
Baltimore, Md. 

Simpson, A. E., 850 West Hastings St., Vancouver, 
B. C., Canada. 

a i S. J., Continental Gin Co., Birmingham, 

a 


Sasi A., Illinois Institute of Technology, Chi- 
cago, Ill. 

Stocker, O., Kellogg Co., Battle Creek, Mich. 

Stoll, A. L., Toledo Edison Co., Toledo, Ohio. 
Strickland, H. A., Jr., The Budd Co., Detroit, Mich. 
Swanson, D. H., Line Material Co., Milwaukee, Wis. 
bb Sag st pou E., Delaware Pr. & Lt. Co., Wilmington, 


el, 

ae P., Central Pr. & Lt. Co., Corpus Christi, 
ex. 

Romper, C. F., Sperry Gyroscope Co., Great Neck, 


Trainor, J. J., Public Service Co. of Ind., Inc., Indian- 


apolis, Ind. 
Awe, R. L., Central Arizona Lt. & Pr. Co., Phoenix, 
Ariz. 


Prierk.. 0s, Superior Switchboard and Devices Co., 
Canton, Ohio. 

ay G. E., Quinton Engineers, Ltd., Los Angeles, 
ralif. 

Ulrich, V. K., Hytron Radio & Electronics Corp., 
Salem, Mass. 

Waldrip, L. H., L. H. Waldrip Co., Cleveland, Ohio. 

Warren, C. L., U. S. Army Engineers, Seattle, Wash. 

Williams, J. E., Irvington Varnish & Insulator Co. of 
Canada, Ltd., Hamilton, Ont., Canada. 

Williamson, G. P., Crocker-Wheeler Elec. Mfg. Co., 
Ampere, N. J. 

Wright, N. N., Ferranti Elec., Montreal, Que., Can. 

Eee G., Potomac Elec, & Pr. Co., Washington, 


Zavales, C, T., Westinghouse Elec. Corp., Baltimore, 


Md. 
56 to grade of Member 
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To Grade of Associate 


United States and Canada 
1. Norru Eastern 


Baschnagel, R. W., Rochester Gas & Elec. Corp., 
Rochester, N. Y. ‘ 

Bence, M. W., Int’] General Elec. Co., Inc., Schenec- 
tady, N. Y. 

Beuerman, R. A., DuPont Co., Buffalo, N. Y. 

Bourdon, A. A., Norton Co., Worcester, Mass. 

aka Ts . V., Westinghouse Elec. Corp., South Boston, 


ass. 
evans, is W., Naval School (General Line), Newport, 
Gleason, G. = -» Rochester Gas & Elec. Corp., Roches- 


Hudgings, D. W., III, Stromberg-Carlson Co., 
ochester, N. Y. 
Johnson, W. G., Westinghouse Elec. Corp., Spring- 
field, Mass. 

Se M. G., General Elec. Co., Pittsfield, Mass. 
arman, K. J., Union College, Schenectady, N. Y. 
Mazur, V. N., Westinghouse Elec. Co., Buffalo, N. Y. 
pepenale; J- M., Jr., General Elec. Co., Pittsfield, 


ass. 
piieeee, L. R., Jr., General Elec. Co., Bridgeport, 
onn. 
Miller, A. E. (Re-election), Westinghouse Elec. Corp., 
New Haven, Conn. 
Obensend; L. D., Eastman Kodak Co., Rochester, 


Rich M. (Re-election), Chas. T. Main, Inc., Boston, 


ass. 

Skalnik, J. G., Yale University, New Haven, Conn. 

Stallings, H. B., Clark Controller Co., Buffalo, N. Y. 

Talbot, C. G., General Elec. Co., Schenectady, N. Y. 

Theleen, ey General Elec. Co., Schenectady, N. Y. 

Wallace, J. T., A. S. Hamilton, Jr., Consulting Engi- 
neers, Rochester, N. Y. 


2. Muppie Eastern 


Adams, H. W., Rural Electrification Admn., Washing- 
ton, D. C 


Bere: G. L., Hercules Powder Co., Wilmington, 


el, 

Bogle, E. R., Jr., General Elec. Co., Philadelphia, Pa. 

Bovenizer, W. N., Line Material Co., Zanesville, Ohio. 

Carlson, M. E., General Elec. Co., Erie, Pa. 

ropley, W. D., The Hoover Co., North Canton, 
oO. 


Crouch, W. G., AF, War Dept., Wright Field, Day- 
ton, Ohio. 

De Wyer, G. A., Reliance Elec. & Engg. Co., Cleve- 
land, Ohio. 

Berean, D. R., Stackpole Carbon Co., East Pittsburgh, 


‘a. 
Fagge, W. E. (Re-election), P. O. Box 35, Paoli, Pa. 
ED W. W., The Franklin Institute, Philadelphia, 
‘a. 
Fesler, J. F., Carbide & Carbon Chem. Corp., S. 
Charleston, W. Va. 
Gerrish, D. I., E. I. duPont de Nemours, Wilmington, 


Del. 
qeeeel E., I.T.E. Circuit Breaker Co., Philadelphia, 

a. 
aor J. W., Design Service Co., Cleveland, 


io. 
Harr, J. L., Koppers Co., Inc., Pittsburgh, Pa. 
Hea. Ee W., Reliance Elec. & Engg. Co., Cleveland, 


io. 
ae tad J-, Elect. Controller & Mfg. Co., Cleveland, 
° 


Jokl, A., Westinghouse Elec. Corp., E. Pittsburgh, Pa. 

Kelch, R. V., The Ohio Power Co., Canton, Ohio. 

Kuhn, M. S., 
Cleveland, Ohio. 

Landes, L. G., Natl. Advisory Comm. for Aeronautics, 
Cleveland, Ohio. 

Larr, R. B., North Elec. Mfg. Co., Galion, Ohio. 

Lucal, C. L., The Ohio Pr. Co., Canton, Ohio. 

parts F. S., Westinghouse Elec. Corp., Pittsburgh, 


‘a. 

McKelvey, W. O., Koppers Co., Inc., Pittsburgh, Pa. 

McMillen, J. R., Ohio Pr. Co., Canton, Ohio. 

McMillon, A. B., Jr., General Elec. Co., Erie, Pa. 

Miller, W. D., Sperry Gyroscope Co., Inc., Phila- 
delphia, Pa. 

Nelson, P. C., Westinghouse Elec. Corp., East Pitts- 
burgh, Pa. 

Niemi, W., Leece-Neville, Cleveland, Ohio. 

Olin, J. R., General Elec. Co., Erie, Pa. 

Parks, G. H., Jr., Westinghouse Elec. Corp., E. Pitts- 
burgh, Pa. 

Pascoe, R. J., Westinghouse Elec. Corp., East Pitts- 
burgh, Pa. 

Roth, L. M., Carbide & Carbon Chem. Corp., Charles- 
ton, W, Va. 

Royston, W. W., Air Materiel Command, Wright 
Field, Dayton, Ohio. 

Schurr, C. A., Elec, Controller & Mfg. Co., Cleve- 
land, Ohio. 

Seevers, G. E., The Ohio Pr. Co., Canton, Ohio. 

Spicer, G. W., I.T.E. Circuit Breaker Co., Philadel- 


phia, Pa. 

Sultzbach, R. L., I.T.E. Circuit Breaker Co., Phila- 
delphia, Pa. 

Thacker, H. B., Westinghouse Elec. Corp., E. Pitts- 
burgh, Pa. 


Thistle, J. R., Leeds and Northrup Co., Phila. Pa. 
Tung, I-J., Reliance Elec. & Engg. Co., Cleveland, 
Ohio. 
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Westhoefer, D. L., U. S. Naval Ordnance Plant, 
Canton, Ohio. 
pelises, C. M., Ohio Power Co., East Canton, 


oO. 
Williams, T. J., The Ohio Power Co., Canton, Ohio, 


3. New York Ciry 


Armour, B. J., 1201 University Ave., New York, N. Y. 
Bersory % A., U. S. Rubber Co., New York, New York, 


Berman, R., Communication Measurements Lab., 
New York, N. Y. 
Brewis L. C., Westinghouse Elec. Corp., Bloomfield, 


Fleisher, M., 278 Legion Street, Brooklyn, N. Y. 
Giantvalley, J. R., ALEE, New York, F 

Hames, G. J., Cutler-Hammer, Inc., New York, N. Y. 
Hauser, R. C., Ebasco Services, Inc., New York, N. Y. 
ee: a A., Int’] Standard Elec. Corp., New York, 


Hill, D. M., Chemical Construction Corp., New York, 


Lattin, B. C., 3 Bretton Road, Scarsdale, N. Y. 

Margolis, H. B., American Gas & Elec. Service Corp., 
New York, N. Y. 

Merer, G. E., Watson Laboratories, Red Bank, N. J. 

O’Neill, B. J., General Aviation Equipment Co., Inc., 
New York, N. Y. 

Polak, A. H., Consolidated Edison Co. of N. Y., New 
York, N.Y; 

ee a (Re-election), 66 Court St., Brooklyn 2, 


Schiff, N., 858 Faile St., New York, N. Y. 
Schwartz, G. J., Arma Corp., Brooklyn, N. Y. 
Shapiro, H., Sanderson & Porter, New York, N. Y. 
Slezak, S. T. (Re-election), Bell Tel. Lab., Inc., New 
York, N.Y. 
Smelile, L., 6 Burns St., Forest Hills, N. Y. 
Trenkamp, A., Jr., 39 Park Ave., Maplewood, are - 
Watt, G. J., Sperry Gyroscope Co., Garden City, N. Y. 


4, SouTHERN 


Anest, N., TVA, Chattanooga, Tenn. 

Bradley, J. A., Jr., TVA, Knoxville, -Tenn. 

Ellis, C. J., General Elec. Co., Chattanooga, Tenn. 
Hammer, W. A., Jr., TVA, Chattanooga, Tenn. 
Hengy, G. C., Geo. C. Hengy & Co., Shreveport, 


a. 
Janes F., Usco Pr. Equipment Corp., Birmingham, 


a. 

Kirkland, J. W., Gulf States Utilities Co., Lake 
Charles, La 

Lear, W. E., University of Alabama, University, Ala. 

Meier, J. A., Florida Elec. Supply, Inc., Tampa, Fla. 

Moore, E. V., Sr., Farnsworth Bldg. Co., Memphis, 


Tenn. 

Riall, E. C., Jr., Southwestern Gas & Elec. Co., 
Shreveport, La. 

St. Dizier, H. A., Gulf States Utilities Co., Lake 
Charles, La. 

Taylor, J. D., General Elec. Co., New Orleans, La. 

Van Os, J. H., Tulane University, New Orleans, La. 

Wright, E. C., Cities Service Refining Corp., Lake 
Charles, La. 

Wright, R. F., Westinghouse Elec. Corp., Chatta- 
nooga, Tenn. 


5. Great LAKES 


Bloom, C. J., Illinois Bell Tel. Co., Chicago, Il. 

Casey, J. E., Leeds & Northrup Co., Chicago, Ill. 

Colip, C. D., Colip Bros., Inc., South Bend, Ind. 

Cook, L.-D. (Re-election), Commonwealth Edison 
Co., Chicago, III. 

Curtis, C. L., lowa State College, Ames, Iowa. 

Damidovich, J. F. (Re-election), Western United Gas 
& Elec. Co., Aurora, II. 

Fleming, R. T., General Elec. Co., Detroit, Mich. 

Goss, W. R., General Elec. Co., Fort Wayne, Ind. 

Hari, A., Western United Gas & Elec. Co., Aurora, Ill. 

ase: G. K., Wisconsin Elec. Pr. Co., Milwaukee, 

is. 

Holcomb, W. L., American Tel. & Tel. Co., Chicago, 

I. 


Kepper, C. J., Square D Co., Milwaukee, Wis. 

Knuth, N. W., Western United Gas & Elec. Co., 
Aurora, III. 

Little, M. C., Western United Gas & Elec. Co., 
Aurora, Ill, 

Loye, J. S., Wood Conversion Co., Cloquet, Minn. 

McGuire, J. V., Allis-Chalmers Mfg. Co., Milwaukee, 
Wi 


is. 

McKee, J. L., Ill. Bell Tel. Co., Chicago, Ill. 

Reed, E. B., Weltronic Co., Detroit, Mich. 

Schultz, W. F., Redmond Co., Inc., Owosso, Mich. 

Shefveland, A. M., Public Service Co. of No. IIl., 
Maywood, III. 

Sigmund, E. F., Allen-Bradley Co., Milwaukee, Wis. 

Singh, P., Purdue University, Lafayette, Ind. 

Smith, J., Berwind Fuel Co., Superior, Wis. 

Srinivasan, S., 1414 East 59 St., Chicago, III. 

Stout, E. R., 221 East 43rd Ave., Gary, Ind. 

Topczewski, E. A., Cutler-Hammer, Inc., Milwaukee, 


is, 

Tunell, L. E., Public Service Co. of No. Ill, Joliet, 
Ill. 

Whittaker, E. C., Sangamo Elec. Co., Springfield, 
Ill 


Wiprud, R. B., Westinghouse Elec. Corp., Duluth, 
Minn. 


6. NorrH CENTRAL 
Eyer, J. M., Bureau of Reclamation, Denver, Colo. 


Institute Activities 


Larson, N. M., U. S. Bureau of Reclamation, Denver, 
Colo. 

Law, R. K., U. S. Bureau of Reclamation, Denver, 
Colo, 

Lawrence, W. D., Jr., U. S. Bureau of Reclamation, 
Denver, Colo. 

Peterson, H., Peterson Co., Denver, Colo. 

Roe, R. A., Continental Oil Co., Casper, Wyo. 

Soe K. M., U.S. Bureau of Reclamation, Denver, 

‘olo. 


7. Sourn WEstT 


Batterson, C. C., Lt., 4413 Rusk Ave., Houston, Tex. 
Craig, R. M.,-Gulf States Utilities Co., Beaumont, Tex. 
Duesterhoeft, W. C., Jr., University of Texas, Austin, 


Tex. 
uantinee; N. W., Texas Elec. Service Co., Ft. Worth, 


ex. 

Hassinger, C. V., LCRA, Austin, Tex. 

Hobusch, W. G., Jr., Moloney Elec. Transformer Co., 
St. Louis, Mo. 

Lewis, J. P. (Re-election), Aluminum Co, of America, 
Kansas City, Mo. , 

Loper, J. F., LCRA, Austin, Tex. 

Slade, W. C., Jr., Southwestern Public Service Co., 
Denver City, Tex. 

Sloan, C, E., LCRA, Austin, Tex. 

Smith, H. W., The University of Texas, Austin, Tex. 

Steele, E. S. (Re-election), Dept. of Public Works, 
City Hall, Ft. Worth, Tex. 

Voter, E. G., Southwestern Bell Tel. Co., Dallas, Tex. 

Wanja, L. F., Texas Pr. & Lt. Co., Dallas, Tex. 

Woods, K. H., Southwestern Public Service Co., 
Plainview, Tex. 


8. Paciric 


Breuer, J. R., General Elec. Co., San Francisco, Calif 
Conrey, D. W. (Re-election), Southern Calif. Tel. Co.» 
Los Angeles, Calif. f 
Sages a F., California Elec. Works, San Diego, 
Calif. 

Cornell, L. P., Jr., The Pacific Tel. & Tel. Co., San 
Francisco, Calif. 

Dalzell, L. B., Southern Calif. Tel. Co., Los Angeles, 
Calif. 

Devine, G. V., The Pacific Tel. & Tel. Co., San Fran- 
cisco, Calif. 

Dixon, A. A., Modesto Irrigation District, Modesto, 
Calif. . 

Dolly, W. W., Supervisor of Ships Office, USN, 
Terminal Island, Calif. : 

Emerson, F. E., Railroad Comm. of the State of Calif., 
San Francisco, Calif. . 

Hall, R. V., Pacific Gas & Elec. Co., Fresno, Calif. 

Lindquist, W. W., Pacific Gas & Elec. Co., Oakland, 

alif. 

Mahler, F. C., J. E. Redmond Supply Co., Phoenix, 
Ariz, 

McKay, H. B., The Pacific Tel. & Tel. Co., San Fran- 
cisco, Calif. ; 

McMurtry, D. P., U. S. AAF, Fairfield Army Air Base, 
Calif. 
Raab, W. J., Calif. Prune & Apricot Growers Assoc., 
San Jose, Calif. : 
Riha, A. E., Pacific Elec. Mfg. Corp., San Francisco, 
Calif. 

Roadman, C. O., Central Arizona Lt. & Pr. Co., 
Phoenix, Ariz. : 

Seaman, R. G., Bechtel Bros. & McCone, Hunting 
Park, Calif. 

Sherwood, H. L., Pacific Gas & Elec. Co., Oakland, 
Calif. 

Sipe, H. T., Pacific Gas & Elec. Co., Oakland, Calif. 

Slater, J. E., Stolper Elec. Co., Burbank, Calif. 

Stand, T. R., Station KFRC, San Francisco, Calif. 

Tarratt, H. P., County of San Mateo, Court House, 
Redwood City, Calif. ; 

Thomas, R. E., Weihe, Frich & Kruse, San Francisco, 
Calif, 


9. Norra West 

Black, R. C., General Elec. Co., Seattle, Wash. 

Dole, R. S., Clearwater Valley Lt. & Pr. Assoc., 
Lewiston, Idaho. 

Loring, A. E., U. S. Government, Fort Douglas, Utah. 


10. Canada 

Garratt, C., Ferranti Elec. Ltd., Mount Dennis 
Toronto, Ont., Canada. 2 

Houlding, J. D., Canadian Westinghouse Co., Hamil- 
ton, Ont., Canada. 

Painter, G. W., Canadian General Elec. Co., Ltd., 
Toronto, Ont., Canada. 

Sorby, W. O., Canadian Westinghouse Co., Ltd., 
Montreal, Que., Canada. 


Elsewhere 

Chinea, C., R., Nicaro Nickel Co., Nicaro, Oriente, 
Cuba. 

Corbin, G. F., Ketchikan Public Utilities, Ketchikan, 
Alaska. 

Ingram, G. W., Shell Petroleum Co., Ltd., London, 


England. 
Pettit, R. D., The British Thomson-Houston Co., Ltd., 
Rugby, England. f : 
Toepfer, H. J., Shanghai Pr. Co., Shanghai, China. 
Wanger, W., Brown, Boveri & Co., Ltd., Baden, 
Switzerland. 


Total to grade of Associate 


United States and Canada, 189 
Elsewhere, 6 
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OF CURRENT INTEREST. 


Second National Electronics Conference 
Held in Chicago, October 3-5 


With an advance registration of about 
1,200 and a final registration of approxi- 
mately 2,100, the second National Elec- 
tronics Conference was held October 3-5, 
1946, at the Edgewater Beach Hotel in 
Chicago. During the 2!/:-day conference 
19 technical sessions—running as many as 
5 in parallel—accommodated 57 lists of 
technical subjects which were presented in 
various forms ranging from formal tech- 
nical papers to extemporaneous reports 
and panel discussions. 

A popular special feature of the confer- 
ence program was the series of equipment 
exhibits and demonstrations which filled 
two large halls in the portion of the building 
set aside for conference activities. Other 
special features of the program included 
two huge general luncheons, one addressed 
by President Frederick L. Hovde of Purdue 
University on the subject, ‘‘Science, Poli- 
tics, and the National Welfare’’; the other 
of which was addressed by Vice-President 
C. G. Suits (M ’41) of the General Electric 
Company on the subject, ‘Physics of To- 
day Becomes the Engineering of Tomor- 
row.” President Hovde’s address will be 
found on pages 554-6 and that of Doctor 
Suits will appear in an early issue of Elec- 
trical Engineering. A joint meeting of the 
Chicago Sections of the AIEE and the IRE 
was held Friday evening in collaboration 
with the National Electronics Conference, 
at which Doctor J. O. Perrine, assistant 
vice-president of the Bell Telephone Labo- 
ratories, Inc., presented one of his notable 
animated demonstration lectures “Radar 
and Microwaves.” 


1947 CONFERENCE ANNOUNCED 


Preliminary plans for the third National 
Electronics Conference already have been 
completed and the announcement made 
that the conference will be held at the Edge- 
water Beach Hotel in Chicago, November 
3-5, 1947. Tentative plans also were 
announced for the fourth conference, to be 
held at the same place and at approxi- 
mately the same date in 1948. It is ex- 
pected that these future conferences will 
be of the same nature as the two already 
held, except that additional attention and 
probably additional space will be devoted 
to equipment exhibits and demonstrations. 
It is the announced plan and objective of 
the conference sponsors that the program 
continue to offer an industry-wide oppor- 
tunity for the interim reports and discussion 
of any current electronics subject matter 
regardless of the specialized subdivision of 
the electrical field, from which the informa- 
tion may become available. 

On the basis of present scheduling, the 
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AIEE National Midwest Meeting will be 
held at the Congress Hotel in Chicago the 
week of November 3-7, 1947. It is ex- 
pected that the programs of these two im- 
portant and somewhat interrelated meet- 
ings will be appropriately co-ordinated and 
correlated, so that AIEE members and 
others interested in attending one of them 
will have the opportunity also to take ad- 
vantage of the extended range of subject 
matter offered by the other. 


ORIGIN OF NEC 


The organization of the first National 
Electronics Conference held in Chicago, 
October 5-7, 1944, was the outgrowth of 
the initiative and imagination of a group 
of ten men who met March 23, 1944, to 
consider some of the needs and implica- 
tions growing out of the wartime mushroom 
growth in the field of applied electronics 
and related research. The group included 
P. G. Andres, T. J. Higgins (M ’°46) J. E. 
Hobson (M 41), C. S. Roys (M ’45), and 
E. H. Schulz (M’43), all of the Illinois 
Institute of Technology; R. E. Beam 
(A’42), A. B. Bronwell (M 744), J. F. Cal- 
vert (F 45), all of Northwestern Univer- 
sity; Beverly Dudley (M’43) of the Mc- 
Graw-Hill Publishing Company; and 
W. O. Swinyard of the Hazeltine Elec- 
tronics Corporation. Out of the decisions 
of this group came the first National Elec- 
tronics Conference, financially underwrit- 
ten jointly by Northwestern University and 
Illinois Institute of Technology. 

Subsequently, the conference was incor- 
porated under the laws of the state of IIli- 
nois as a nonprofit organization: ‘Serving 
as a national forum for the presentation of 
authoritative technical papers on elec- 
tronic research, development, and applica- 
tion.” The officers of National Electronics 
Conference, Inc., for 1946 are: 

President W. O. Swinyard, Hazeltine Electronics 
Corporation 

Executive Vice-President A, B, Bronwell, (M’44) 
Northwestern University 

Vice-President R. E. Beam, (A ’42) Northwestern Uni- 
versity 

Vice-President C. A. Emery, Westinghouse Electric 
Corporation 

Vice-President L. T. Rader (M ’43) Illinois Institute 
of Technology 

Treasurer W. M. Ballenger (M ’38) General Electric 
Company 

Secretary E. H. Schulz, (M ’43) Illinois Institute of 
Technology i 

In addition to the foregoing group of 
officers, the NEC board of directors in- 
cludes the following: 


J. E. Hobson (M ’41) Armour Research Foundation 
Alfred Crossley Consulting Engineer 

R. J. Donaldson (M’44) Commonwealth Edison 
Company 

G. H. Fett (M ’38) University of Illinois 


Of Current Interest 


R. H. Herrick, Automatic Electric Company 

L. S. McPhee, Whiting Corporation 

Cullen Moore, Galvin Manufacturing Company 

E. O. Neubauer (M 744) Illinois Bell Telephone Come 


pany 
C. S. Roys (M ’45) Illinois Institute of Technology 
O. D. Westerberg, Illinois Institute of Technology 


The policy and objectives of the National 
Electronics Conference are reflected further 
in the following excerpts from the “‘Fore- 
word” of the ‘‘Proceedings” of the 1944 
Conference. 

“To a large extent, the formation of the 
National Electronics Conference has been 
the outcome of the recent rapid growth in 
the field of applied electronics. Supple- 
menting the important role of electronics in 
communication, the increased importance 
of electronic methods and devices in physi- 
cal measurements, medical application, 
and the rapid growth of industrial applica- 
tion, have focused public attention on the 
science and technology of electronics. 

‘‘Applications of electronics for military 
communication and various control opera- 
tions have been an important factor in 
promoting the popular appeal of this 
branch of science which is not so young as 
commonly is supposed. The origin of 
electronics—the branch of science and tech- 
nology which relates to the conduction of 
electricity in gases or in a vacuum—can be 
traced back to the observation of the uni- 
lateral conductivity of an incandescent 
lamp with enclosed plate, by Thomas A. 
Edison in 1882 and of the discovery of the 
electron in 1895 by J. J. Thomson. Im- 
portant communication applications of 
electronic-tube amplifiers had been made 
by 1915, and by 1923 the radiobroadcasting 
industry was about to be launched. By 
1930, feeble attempts had been made to 
apply electronic devices in industrial uses 
but another decade was required to over- 
come objections to “‘fragile glass tubes”? and 
to establish a sound footing for industrial 
electronics. 

‘While the fundamental principles of 
electronics and electronic devices are well 
known and adequately recorded (particu- 
larly in the communication field), the di- 
verse applications of this branch of tech- 
nology too often have been developed in 
specialized divisions of science. This prac- 
tice has tended to compartmentalize.cer- 
tain advances, and has made more difficult 
the dissemination of new discoveries and 
applications outside of that field in which it 
originated. It had been evident for some 
time that a new mechanism, correlating the 
advances in all branches of electronics, 
would be desirable.” 

This is the background of the National 
Electronics Conference, a “‘National forum 
on electronics development and their ap- 
plication,” now jointly sponsored by the 
Illinois Institute of Technology, North- 
western University, The University o 
Illinois, the Chicago Section of the AIEE, 
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and the Chicago Section of the Institute of 
___ Radio Engineers, with the co-operation of 


the Chicago Technical Societies Council. 
OPENING SESSION ~ 

_ At the opening session, President H. T. 
Heald of Illinois Institute of Technology 
delivered the address of welcome which 
will be published in a future issue of Elec- 
trical Engineering, as will the speech of 
Doctor E. U. Condon (M ’44) director of 
the National Bureau of Standards, who 
spoke on “Electronics and the Future.” 


Power-Line Telephone Service 
Soon Available in Six States 


Installation has been started on equip- 
ment providing rural telephone service 
over electric power lines in six states, the 
American Telephone and Telegraph Com- 
pany, New York, N. Y., recently an- 
nounced. 

Though telephone subscribers in Ala- 
bama and Arkansas have been served tem- 
perarily by the new method as an experi- 
ment, the new service installations will 
mark the first time that power-line carrier 
has been utilized to bring telephone service 
to rural areas beyond the reach of existing 
telephone lines. 

Five Bell telephone companies, two inde- 
pendent telephone companies, four rural 
power systems financed by the Rural Elec- 
trification Administration, and three power 
companies are parties to the installations. 
Telephone central offices through which the 
seven groups of rural subscribers will be 
served are situated at Manakin, Va.; 
Nashville, N. C.; Aiken, S. C.; Italy and 
Lamesa, Tex.; Oak Creek, Colo.; and Cle 
Elum, Wash. 

Equipment for the installations has been 
manufactured by the Western Electric 
Company which also has commenced pro- 
duction to meet the expected extension of 
this type of service. 

The telephone company also revealed 
that an experimental project is scheduled 
for this fall at Norton Mills, Vt. 

Though the projects now in process of in- 
stallation will be equipped to provide only 
one telephone channel for each power-line 
route, power-line carrier apparatus now 
under development is expected to furnish 
six speech channels. 


Patent Examiners Needed by 
the United States Patent Office 


The United States Patent Office has 
announced that expansion of its examining 
corps has created a need for additional 
patent examiners in grades P-1 and P-2 
with starting salaries of $2,644.80 and 
$3,397.20 respectively. 

To qualify for an appointment to a P-1 
patent examining position, applicants must 
have completed a full curriculum of study 
leading to a bachelor’s degree in a college 
or university of recognized standing includ- 
ing or supplemented by major study in 
engineering, technology, chemistry or 
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physics; for four years’ experience in one of 


the foregoing fields of such a nature as to 
demonstrate that the applicants possess an 
intimate working knowledge of the field in- 
volved to the same extent and degree that 
such a knowledge would have been ac- 
quired through college work. To qualify 
for appointment to a P-2 patent examining 
position, in addition to the requirements for 
a P-1 appointment, applicants must show 
at least one year of responsible experience 
in the field of chemistry, physics, tech- 
nology, engineering, or other pertinent 
work. 

After six months of satisfactory service in 
the P-1 grade, patent examiners are eligible 
for promotion to grade P-2. Promotions 
to the higher grades are made from within 
the examining corps when the employee 
meets the qualifications for the higher 
grades. 

All interested persons may obtain a 
Civil Service Commission application form 
57, at any first- or second-class Post Office, 
or Civil Service Commission regional office. 
Applications should be mailed to the 
United States Patent Office, Personnel 
Division, Washington 25, D. C. 


Magnetron Adapted 
to Cooking Purposes 


The newly developed ‘‘Radarange” 
which uses ultrahigh frequency electromag- 
netic power to defrost, heat, or cook a wide 
variety of foods in a matter of seconds re- 
cently was demonstrated by the Raytheon 
Manufacturing Company, Waltham, Mass. 

For use by air lines a special model has 
been developed which weighs approxi- 
mately 100 pounds and is designed to de- 
frost and cook a complete meal (which 
previously has been partially precooked 
and frozen) in less than a minute, The 
machine operates on about 41/2 kw from the 
standard 28-volt d-c power system. The 
400-cycle output of motor-generator sets is 
amplified and rectified to produce direct 
current at 4,000 volts which is applied to 
the plate of a continuous-wave magnetron 
oscillator. The 3,000-megacycle 1,000- 
watt output of the magnetron is fed to a 
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4- by 8-inch wave guide by a coaxial cable. | 
The wave guide directs the power to the 


food which has been placed in a metal 


tray. The ray acts as a reflector, thereby 
forcing any stray energy back into the food. 
Another model for use in drugstores and 
sandwich shops is ready for production, 


and a radarange for home use is being _ 


developed. 

This unique cooking device produces 
hamburgers in 35 seconds. Gingerbread 
actually can be seen to rise from batter to 
fluffy muffins in 29 seconds. These muf- 
fins have no crusts because the heat is 
generated in each molecule of the dough 
and does not have to be conducted from the 
surface. Hot dogs can be cooked in paper 
wrappings without burning the paper. 
This is possible because the water content 
of the paper is much lower than that of the 
frankfurter, and water content determines 
the reaction of each substance to the ultra- _ 
high-frequency energy. As yet no method 
has been found to boil potatoes, and an egg 
placed in the range will crack in less than a 
second. However, it is possible to produce 
scrambled eggs and baked potatoes. 


Portable Instrument 
Measures Group Opinion 


A new instrument designed to measure 
and indicate the composite opinion of a 
group of as many as 120 individuals has 
been announced by the General Electric 
Company. ‘Called an opinion meter, the 
instrument enables each person in a group 
to express automatically, his opinion on any 
subject. All the individual opinions are 
summated and registered on a large dial 
as a single figure in about ten seconds. 
The instrument has possible use in schools, 
conference rooms, lecture groups, adult 
educational organizations, radio stations 
and political groups. 

The opinion meter consists of a large 
indicating unit and up. to 120 hand-held 
stations. On the individual station is a 
dial calibrated from 0 to 100, and an ad- 
justable pointer. 

The indicating unit is the size of a small 
suitcase. The cover opens upwards to 
form a large dial and pointer. Plugs for 
the string of individual units and for 60- 
cycle a-c power supply are located on the 
back of the unit. Inside are electrode and 
electronic components which perform 
the measuring and indicating functions. 

To register his degree of opinion on a 
question under discussion, each member of 
a group turns the pointer on his individual 
unit to a number on the dial. If strongly 
in favor of a question, this would be close 
to 100; if indifferent, 50; and if disap- 
proving, close to 0. The percentage of 
those in the group who turn their stations to 
“off,” not desiring to express an opinion, 
also can be determined. 

Although the main purpose of the opinion 
meter is to determine the composite opinion 
of a group, it also can be used to obtain a 
ballot. Fifty-fifty opinions are not taken 
into account in the ballot results, nor are 
those stations turned to “‘off.”” 
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Exhibitors’ Plans Develop for 
Electrical Exposition 


News of exhibits now being developed 
for the Electrical Engineering Exposition, 
to be held in New York at 71st Regiment 
Armory next January 27-31, indicates that 
the display will open a new channel for 
information and distribution in a field not 
hitherto serviced directly by any exposition. 
The exposition provides an additional fea- 
ture of interest for those attending the AIEE 
winter meeting. 

For example the introduction of the elec- 
tronic signal circuit, amplified and relayed 
to control high voltages, will be featured; 
and also many new developments in instru- 
mentation specifically applied to the gen- 
eration and distribution of electric power. 

There will be a variety of insulating ma- 
terials on display, including several classes 
of plastics, with extensive arrays of products 
and parts for which they are appropriate, 
and well-presented information respecting 
their dielectric properties. 

Especially appropriate to this exposition 
will be the large group of exhibits pertain- 
ing to field work, from conductors and pole 
line equipment of various kinds to trans- 
formers, switchgear, and many items of 
detail—an electronic circuit breaker is one; 
another is a facsimile demonstration of a 
lightning arrester at work. 

The important needs of maintaining 
service have not been overlooked, and a 
number of exhibits will be devoted to 
maintenance, repair, replacement, and 
emergency duties, from a newly developed 
field service truck to a long list of items for 
in-plant use in time of need. 

The armory will be closed to the public, 
so that a strictly professional and business 
atmosphere will be maintained. Admis- 
sion will be by invitation and registration 
of only qualified visitors. 


Medal Presented to 
Doctor Willis R. Whitney 


The fall meeting of the Industrial Re- 
search Institute, held October 16-18, at 
the Westchester Country Club, Rye, N. Y., 
which brought together more than 100 
representatives from the research depart- 
ments of various industrial organizations, 
was highlighted by the presentation of the 
institute’s medal to Doctor Willis R. 
Whitney (A ’01) organizer and first director 
of the General Electric Research Labora- 
tory. 

The medal, conferred for the first time 
since it was established in 1945, was 
awarded to Doctor Whitney for outstand- 
ing contributions to the field of industrial 
research as a distinguished scientist, a 
pioneer in the application of organized 
science to industrial technology, and a be- 
loved and inspiring leader of men. H. W. 
Graham, senior past president of the In- 
dustrial Research Institute, made the pres- 
entation at an informal dinner on October 
17. 

Charles S. Venable, president of the 
organization, acted as toastmaster at the 
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dinner and introduced the guests at the 
speakers’ table after which Irving Lang- 
muir, associate director of the General Elec- 
tric Research Laboratory spoke on ‘‘Whit- 
ney, the Man and Leader.” Doctor Lang- 
muir stressed Doctor Whitney’s application 
of serendipity, Webster’s definition of which 
he modified to “the gift of finding and ap- 
plying valuable or agreeable things not 
sought for,” to research. Doctor Whitney, 
he recalled, always asked those working in 
the laboratory if they were having fun and 
never assigned anyone to a project, but let 
his aides choose according to their own 
imagination. 

In his short address following acceptance 
of the medal, Doctor Whitney credited 
Francis Bacon with having started organ- 
ized research, but on a strictly nationalistic 
basis with the benefits limited to England 
alone. Doctor Whitney was emphatic in 
his opinion that international co-operation 
among scientists is essential to world peace. 


Standards Announced for 
Fractional-Horsepower Motors 


A new program of standardization for 
fractional-horsepower motors was an- 
nounced in September by the members of 
the motor and generator division of the 
National Electric Manufacturers Associa- 
tion (EE, Nov °46, p 547). At that time a 
basic standard for determining motor rat- 
ing in co-ordinated terms of horsepower, 
speed, breakdown torque, and service fac- 
tor was presented to eliminate certain ap- 
plication difficulties involving rating and 
performance characteristics. 

The standard presented in October pro- 
vides for uniformity of mounting dimen- 
sions and three frame sizes for motors rang- 
ing from 1/20 through 3/4 horsepower at 
1,800 rpm and including one horsepower at 
3,600 rpm. Previously the variety of 
mounting dimensions and motor sizes neces- 
sitated extensive use of many universal 
mounting bases and adapter plates which 
resulted in high costs and loss of production 
time in application of these motors to the 
products of different manufacturers. The 
same difficulties have been encountered by 
service men in attempting to replace a 
motor of one make with one of another 
make. 

The new dimensions apply to both rigid 
and resilient or cushion base motors, 
Those dimensions for which standards have 
been established include the distance be- 
tween the axial centerline of the shaft and 
the bottom of the feet (D dimension), dis- 
tance between the vertical centerline and the 
mounting slot centerlines—end view (E 
dimension), half distance between mount- 
ing slot centerlines—side view (F dimen- 
sion), distance from shaft shoulder to near- 
est mounting hole centerline (BA dimen- 
sion), and diameter of mounting slot or hole 
(H dimension). 

In the proposed system for numbering 
the frames the frame number will be 16 
times the shaft height (D dimension), and 
the other dimensions will be constant for 
any frame size. The three frames will be 
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James Forrestal. 


42, 56, and 66 with suffix letters used to 
indicate the same features provided for in 
the established integral system. 


CIGRE Papers Wanted. The Engineering 
Societies Library has inquired whether any 
member of AIEE has a set of the papers 
presented at the 1946 meeting of the Inter- 
national Conference on Large Electric High 
Voltage Systems, which he would be willing 
to offer the library. The library has placed 
an order for a bound volume of the papers, 
but this will not be published before the end 
of the year. Correspondence about the 
papers may be addressed to Ralph H, 
Phelps, director, Engineering Societies 
Library, 33 West 39th Street, New York 
18, N. Y. 


Television at Convention. Television 
solved the problem of accommodating the 
overflow audience at the sessions of the 24th 
annual convention of the National Broad- 
casters Association held at the Palmer House 
in Chicago, Ill., recently. Three RCA 
Image Orthicon television viewing equip- 
ments were used to pick up and trans- 
mit events in the meeting rooms to 20 
RCA Victor television receivers installed 
in the hotel’s exhibition hall for the 
overflow audience. According to Henry 
Rhea, manager of RCA television equip- 
ment sales, use of the supersensitive Image 
Orthicon camera permitted pickup with 
ordinary room lighting, whereas the discom- 
forts, cost, and inconvenience of the special 
brilliant lighting otherwise required would 
make such a service impractical. 


Commercial Air Line Installs Radar. 
First radar installations in a $300,000 ex- 
perimental program recently were made by 
American Airlines, Inc. The flagship St. 
Joseph, a four-engine DC-4 cargo airplane, 
became the first commercial airplane to be 
equipped with radar to facilitate instru- 
ment landings in bad weather. <A $15,000 
radar beacon station is being installed on 
the air line’s hangar in St. Joseph, Mo., and 
a twin-engine DC-3 laboratory ship has 
been made available for pilot instruction. 


Experts Aid Navy Science. Appointment 
of ten experts to the newly established 
Civilian Research Advisory Committee has 
been announced by Secretary of the Navy 
Named to the committee 
which was authorized by the last session of 
Congress to assist in spurring Naval scien- 
tific research are: Richard J. Dearborn 
(A°16) president, Texaco Development 
Corporation, New York, N. Y.; Doctor 
Karl T. Compton (F’31) president of the 
Massachusetts Institute of Technology, 
Cambridge; Lewis L. Strauss, United 
States Naval Reserve, of Kuhn, Loeb and 
Company, New York, N. Y.; Luis de 
Florez, USNR, vice-president in charge 
of engineering, Doubleday and Com- 
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pany, New York, N. Y.; Doctor Warren 
Weaver, director of the division of natural 
sciences, Rockefeller Foundation, New 
York, N. Y.; Doctor Philip M. Morse, pro- 
fessor of physics, Massachusetts Institute of 
Technology, who will become director of 
the Northeastern Regional Laboratory for 
Atomic Energy Research, Camp Upton, 
N. Y.; Doctor L. A. DuBridge, president 
of the California Institute of Technology, 
Pasadena; Doctor Arthur H. Compton, 
chancellor of Washington University, St. 
Louis; Doctor William Sharp McCann, 
director of the Institute of Medicine, 
Rochester (N. Y.) University; Doctor 
Detlev W. Bronk, head of the National 
Research Council. 


Icaroscope Described to Optical Society. 
The secret of another war-born defensive 
weapon, the Icaroscope, was revealed by 
Professor Brian O’Brien (M ’28) director of 
the Institute of Optics of the University of 
Rochester, N. Y., at the 34th annual meet- 
ing of the Optical Society of America held 
recently in New York. Shaped like a 
stubby telescope, the Icaroscope enables 
pilots to find enemy airplanes diving toward 
them directly in line with the sun. The 
image of the airplane is formed on a trans- 
parent screen made from a phosphor chosen 
for short afterglow with saturation, while 
the screen is hidden from the eye. A 
double rotating screen then closes off the 
outside light and the pilot sees the image 
1/100 second later. By that time the 
image on the screen is only 20 to 50 times 
the brilliance of the surroundingsky, as com- 
pared with the sun’s real brightness of 
10,000 to 100,000 that of the surrounding 
sky, and the airplane is silhouetted on the 
screen against either the sun or the sur- 
rounding sky. The disks are rotated by an 
electric motor at about 100 cycles per 
second, so that the images appear with the 
rapidity of a motion picture. The Icaro- 
scope was developed under contract with 
the Office of Research and Development as 
an aid in defense against aircraft attacking 
from the general direction of the sun. It 
also was used in observing and photograph- 
ing the Bikini atom bomb tests. 
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Building Conference Organizes 
Building Officials Foundation 


Establishment of the Building Officials 
Foundation, a co-ordinating and research 
body, which will work for uniform and 
modern building codes throughout the 
United States, was announced at the 31st 
annual meeting of the Building Officials 
Conference of America, Inc., held recently 
in Memphis, Tenn. 

The principal functions of the Founda- 
tion were given as: 


1. To encourage the adoption of the “Basic Building 
Code” promulgated by the Building Officials Confer- 
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Generating Station Designed for Rochester 


This new $15,000,000 steam electric generating station will be situated on the shores 
of Lake Ontario at Rochester, N. Y., the Rochester Gas and Electric Corporation has 
announced. The station, which will have an ultimate capacity of 160,000 kw will 
be constructed in four units of 40,000 kw each, the first of which is expected to be 
completed in 1948 at a cost of $8,000,000. Each unit willinclude one boiler and one 


turbogenerator with all the necessary auxiliary equipment. 
operated by steam at 1,250 pounds pressure at the turbine throttle. 


The turbine will be 
Station dimen- 


sions will be 280 by 250 feet by 100 feet high 


ence of America, Inc., by all communities, to the end 
that a country-wide uniform code be established and 
to encourage communities to keep their local codes 
up to date. 


2. To assist communities in the administration of 
their building laws and regulations. 


3. To reconcile local building codes with advances 
in building to the end that structural design, equip- 
ment, construction materials, and methods may be 
progressively improved in the public interest. 


4. To provide uniform testing procedure in con- 
sultation with industry in determing the adequacy of 
testing equipment, and for the evaluation of the integ- 
rity of equipment, materials, and methods of construc- 
tion. 


5. To make known the results of tests promptly and 
in a manner compatible with the needs for such data 
in administering building rules and regulations. 


6. To keep building and other municipal officials 
concerned with public health and safety, manufacturers, 
producers, architects, engineers, general and special 
trades contractors and other builders, real estate dealers 
and administrators, property managers and appraisers, 
mortage and equity financiers, government officials 
concerned with construction, building labor leaders, 
materials dealers, suppliers and distributors and others 
in or related to the building industry informed of ad- 
vances in building requirements and code administra- 
tion and to supply them with news, informative articles, 
and other data pertaining to better building and con- 
struction practices. 


The services of the Building Officials 
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Foundation are designed to function pri- 
marily for building officials as administra- 
tive agents of building laws and regulations, 
and for the betterment of the building in- 
dustry asa whole. The various service in- 
struments are as follows: 


1. The Basic Building Code, with its Construction 
Code and Small Municipality Building Code. 


2. The structural bureau to analyze plans and pro- 
jects of unusual magnitude or design submitted by 
understaffed municipalities. 


3. The testing procedure for the introduction of new 
devices, materials, and methods meeting the functional 
requirements of building as provided in the Basic 
Building Code. 


4. The Official Bulletin of the Building Officials 
Foundation containing test reports and recommenda- 
tions for the use of approved materials, equipment, and 
construction methods. 


5. A monthly illustrated magazine for general dis- 
tribution to building officials and other interested per- 
sons in the building industry. 


The foundation is a nonprofit organiza- 
tion and was set up by a voluntary endow- 
ment fund contributed by the construction 
industry. For future expenses the founda- 
tion will depend on annual dues of partici- 
pating members and fees collected from 


593 


eee 
Future Meetings of Other Societies 


American Chemical Society. 111th national meet- 
ing, April 14-18, 1947, Atlantic City, N. J. 50th 
annual meeting, June 16-20, 1947, Atlantic City, INE Js 
American Society for Testing Materials. Spring 
meeting and committee week, February 24-28, 1947, 
Philadelphia, Pa. 

American Society of Mechanical Engineers. An- 
nual meeting, December 2-6, 1946, New York, N. Y. 


American Society for X-ray and Electron Diffrac- 
tion. Winter meeting, December 5-7, 1946, Pitts- 
burgh, Pa. 


Institute of Radio Engineers. Annual meeting, 
March 3-7, 1947, New York, N. Y. 


National Exposition of Power and Mechanical Engi- 
neering, December 2-7, 1946, New York, N. Y. 


tests and the promulgation of standards. 
The grades of membership will be: 


1. Ordinary members will include all building offi- 
cials. 


2. Members of the Building Officials Conference of 
America. 

3. Founder members are subscribers to the voluntary 
endowment fund. 


4, Participating members may be manufacturers, 
producers, financial institutions, insurance companies, 
general contractors, and others engaged in the building 
industry. z 


IES Lighting Handbook Postponed. _Is- 
suance of the Illuminating Engineering 
Society “Lighting Handbook’’ originally 
scheduled for 1946 has been postponed to 
October 1947. In making the announce- 
ment, C. A. Atherton, chairman of the 
handbook committee, explained that re- 
conversion problems have otherwise occu- 
pied members working on the handbook, 
so that production necessarily must be 
delayed. Postponement of publication is 
expected to aid manufacturers in supplying 
the most recent material for the reference 
data section. When completed, the 500- 
page handbook will cover every phase of 
lighting from the pure physics of light to 
specific lighting recommendations for 
stores, offices, homes, factories, and even 
for television studios and juke boxes. The 
latest information on light sources, as well 
as the measurement and control of light 
will be included. 


Civil Engineers Nominate President. 
Edgar M. Hastings of Richmond, Va., chief 
engineer of the Richmond, Fredericksburg, 
and Potomac Railroad Company, has been 
nominated as the 1947 president of the 
American Society of Civil Engineers. A 
graduate of Baltimore City College and 
Baltimore Polytechnic Institute, Mr. Has- 
tings’ entire professional career has been in 
the field of railroad engineering, and he has 
been associated with the Richmond, Fred- 
ericksburg and Potomac Railroad since 


1903. He has been chief engineer since 
1922. Mr. Hastings is 64 years old. 
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Relations With Government 
Considered by Canadian Council 


Collective bargaining, the type of tech- 
nical employment service provided by the 
government, and school curriculums made 
up the agenda of the fourth regular meeting 
of the Canadian Council of Professional 
Engineers held in Ottawa, Ontario, in 
September. 

The meeting was concerned with the rate 
at which experienced staff is leaving the 
service of the Wartime Bureau of Technical 
Personnel, and with the attempt of the Ex- 
ecutive and Professional Division of the 
National Employment Service to deal with 
technical persons, with completely unsatis- 
factory results. It was agreed to direct the 
attention of the Minister of Labour to these 
developments, and at the same time to ad- 
vise the co-operating organizations with 
respect to the danger of serious deteriora- 
tion in the quality of national employment 
service available to their members. 

Recent decisions of the National Labour 
Relations Board on certification of bargain- 
ing units of professional people were re- 
viewed, and it was agreed to discuss certain 
aspects of these decisions on an informal 
basis with senior administrative officers of 
the Dominion Department of Labour. The 
attention of co-operating organizations was 
directed to the fact that the Minister of 
Labour had invited representatives of all 
provinces to meet in Ottawa in an en- 
deavor to draft a national labor code to 
serve as a basis for provincial labor legis- 
lation. 

It was announced that information had 
been assembled regarding all undergradu- 
ate and postgraduate scholarships, bursa- 
ries, and the like in the field of science at 
Canadian universities and that the ma- 
terial was being classified for presentation 
in a final form for the next meeting. A 
draft of a brief statement outlining the exist- 
ing collective bargaining situation in Can- 
ada as it affects technical persons and pro- 
fessional engineering and scientific organi- 
zations was presented to the meeting, and 
it was decided to transmit copies to all co- 
operating organizations. 


U. S.-Canadian RMA Meeting. United 
States and Canadian directors of the Radio 
Manufacturers Association exchanged in- 
formation on production, labor relations, 
and school sound equipment at a joint con- 
ference held in Quebec, Quebec, in October. 
A similar joint conference is planned for next 
spring in a United States city. During the 
meeting RMA _ directors appropriated 
$10,000 to be spent in the promotion of 
National Radio Week, November 24-30 in 
conjunction with the National Association of 
Broadcasters, as the first step toward a closer 
liason between the two associations. The 
RMA also voted to support the manu- 
facturer—agent disposal system being used 
by the War Assets Administration for sur- 
plus electronic equipment and to reject a 
Department of Commerce proposal that the 
RMA screen captured German technical 
documents on electronic developments, 
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AIME Saunders Medal Awarded. The 
award of the William Lawrence Saunders 
Gold Medal for 1947 to LeRoy Salsich, 
president of the Oliver Iron Mining Com- 
pany, Duluth, Minn., has been announced 
by the American Institute of Mining and 
Metallurgical Engineers. The medal was 
awarded Mr. Salsich for “‘his conspicuous 
success in developing men and methods for 
the mining and transportation of iron ore; 
for his significant contribution, as operating 
head of the world’s largest iron mining 
enterprise, to the nation’s production of 
steel so vital to victory in World War II.” 
Mr. Salsich has been associated with the 
Oliver company, a subsidiary of the United 
States Steel Corporation, since his gradu- 
ation from the University of Wisconsin in 
1901. He was born in 1879 in Hartland, 
Wis. 
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Cornell Receives Navy Gift. An outright 
gift of a laboratory unit of Diesel engines 
and related equipment valued at more than 
$2,000,000 recently was made by the Navy 
Department to Cornell University, Ithaca, 
N. Y. The equipment, accumulated dur- 
ing the war in the course of training almost 
3,000 Naval officers, is described as a com- 
pletely integrated installation adapted to 
professional instruction and research in the 
theory, operation, and maintenance of 
Diesel engines. The main laboratory’s 23 
engines, the largest weighing 10 tons, range 
from 1 to 16 cylinders, generating from 15 
to 1,700 brake horsepower and represent 
about 15 different manufacturers. In 
addition the gift includes the equipment of 
two auxiliary laboratories, one in which 
preliminary training in internal combus- 
tion was given during the war, and one con- 
taining the modern electric equipment used 
on Naval vessels, as well as air compressors, 
pumps, refrigeration units, and a com- 
munication system. In accepting the gift, 
Vice-President S. C. Hollister, dean of the 
college of engineering, said that the equip- 
ment not only could be used in existing 
courses in mechanical and electrical engi- 
neering but also would enable the university 
to organize new elective courses, both 
graduate and undergraduate. 


Georgia School Offers Doctor’s Degree. 
The first engineering and scientific courses 
in the State of Georgia leading to the degree 
of doctor of philosophy are being offered by 
the Georgia School of Technology, Atlanta. 
The graduate division is scheduling 357 
courses which can be pursued by graduate 
students toward master of science and doc- 
torate degrees. Graduate students apply- 
ing for the doctor’s degree are encouraged 
to undertake research which will benefit 
the South from an engineering and indus- 
trial viewpoint. The School of Technology 
also has available financial aids ranging 
from $600 to $1,800 per academic year to 
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assist students who would be unable to 


continue advanced studies because, of 


financial need. These include assistant- 


ships, instructorships, and fellowships. 


Arkansas Gets Engineering Courses. 
Four-year courses in electrical, mechani- 
cal, and civil engineering have been 
instituted at Arkansas State College, 
Jonesboro, in response to the current de- 
mand for engineering curricula. Applica- 


‘tions are being accepted for enrollment in 


the quarter beginning November 29, 1946, 
and for the fall semester of 1947. The cam- 
pus has adequate living accommodations 
for single men on a barrack basis. New 
laboratory equipment is being collected 


‘and installed for the engineering depart- 


ment. Most of the college buildings have 
been constructed since 1932, though the col- 
lege itself was founded in 1909. 
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Distribution Department Uses 
Two-Way Radio Communication 


The electric distribution department of 
the Public Service Electric and Gas Com- 
pany, Newark, N. J., has completed the 
construction of a two-way radio communi- 
cation system by means of which super- 
visors of the electric operating divisions can 
communicate directly with line crews, 
trouble men, and field supervisors wherever 
they may be working. 

Seven fixed stations at different cities in 
New Jersey serve as centers from which 
orders are transmitted to field crews in the 
surrounding territories. Each station has 
50-watt frequency-modulated transmitters 
and antennas more than 100 feet high. 
Receiving equipment also is installed in the 
fixed stations. 

Mobile radio equipment is being installed 
in more than 150 cars and trucks. ‘These 
units are equipped with frequency-modu- 
lated receivers and 35-watt transmitters to 
permit crews to report back. Both re- 
ceivers and transmitters are energized from 
the storage battery of the car or truck. 

A conventional telephone handset with a 
“push to talk” button is used at both mobile 
and fixed stations. As all the equipment is 
designed for the same frequency, it is pos- 
sible for any mobile unit to contact another 
mobile unit. 


Utility Council Formed. Formation of 
the New York State Utility Council was 
the outcome of a recent two-day meeting of 
nearly 100 executives of gas and electric 
companies at Saranac Lake, N. Y. The 
new council, it was decided, will meet in- 
formally from time to time to discuss com- 
mon problems. Robert E. Ginna, vice- 
president of the Rochester (N. Y.) Gas and 
Electric Corporation was designated chair- 
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man for the coming year. Among the 


_addresses at the recent meeting was one on 


“Economic Research as a Basis for Selec- 
tive Load Building” by Constantine Bary 
(M°43) rate research engineer, for the 
Philadelphia (Pa.) Electric Company. 


Tube Testing Chamber 
Converted From War Uses 
A tube testing chamber originally de- 


signed to test tubes for wartime aircraft 
equipment now has been equipped for 


multipurpose testing of all types of tubes, 


the General Electric Company has dis- 
closed. 

Capable of simulating a wide range of 
temperature and altitude conditions within 
brief periods of time, the over-all equip- 
ment for the chamber occupies a space of 
approximately seven feet by eight feet by 
15 feet. Altitude is attained at the rate of 
3,000 feet a minute while 100 degrees below 
zero can be reached in about two hours and 
175 degrees above zero in about 45 minutes. 
Two dials outside the door automatically 
control, operate, and record, on a 24-hour 
chart conditions within the chamber. 

Leads into and out of the chamber fur- 
nish detailed.information on tube operation 
under varied conditions. There are 20 
standard leads, 12 pair of thermocouple 
leads, and three high-frequency coaxial 
leads connected to a terminal board on one 
side of the chamber where measurements 
can be made, it was explained. Four pipes 
through the walls of the “‘tube icebox” also 
make provision for the testing of forced-air 
and water-cooled tube types. 


Amplidyne Booster Inverter 
Developed for Railway Trains 


Announcement of a new amplidyne 
booster inverter which will provide railway 
trains with an economical supply of 60- 
cycle a-c electric power ample for radios, 
movies, public-address systems, fluorescent 
lighting, and improved air conditioning 
has been made by the General Electric 
Company. 

Mounted under the railway car, it 
changes the car’s axle-driven generator or 
battery from direct to alternating current 
and gives constant voltage and frequency 
without excessive losses. The inverter is 
rated 6.25 kva, 5 kw, and 0.8 power factor 
to invert direct current of from 90 to 160 
volts to 230-volt 3-phase 60-cycle current 
with voltage and frequency closely held by 
means of a separately mounted regulator. 
The amplidyne booster inverter consists of 
an inverted converter (synchronous con- 
verter running from the d-c side) with an 
amplidyne mounted on the same shaft, 
operating at approximately 1,800 rpm. 


Aluminum Substitutes for Copper. The 
United States Rubber Company, New 
York, N. Y., recently announced that it will 
substitute aluminum for copper in some of 
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‘its building wire and cable now going into 


production. This action was taken as a 
means of alleviating the wire shortage re- 
sulting from the temporary scarcity of cop- 


per, the company stated, and expressed the 


belief that it was removing an obstacle to 
building construction. The aluminum in- 
sulated wire will be made in all sizes, as 


_approved by the Underwriters’ Labora- 


tories, with the same over-all diameter as 
equivalent copper sizes. 


Sarnoff Honored for 40 Years in Radio. 
David Sarnoff (M’23) president of the 
Radio Corporation of America, ventured 
some predictions on future scientific ad- 
vances at a dinner given recently in the 
Waldorf Astoria Hotel, New York, N. Y., 
to commemorate his 40 years of service to 
radio. Some of the advances foreseen by 
Doctor Sarnoff, who admitted that fore- 
casting the developments of science is an 
almost impossible task, were control of the 
weather by man, delivery of mail by radio, 
portable communication sets that will en- 
able one person to talk with another any- 
where, transformation of climates by diver- 
sion of ocean currents, world-wide televi- 
sion, and use of atomic energy to combat 
disease. Officials of RCA presented to 
Doctor Sarnoff the wireless key he used as 
an operator on April 14, 1912, the day the 
Titanic sank. On duty at that time at 
John Wanamaker’s, he remained at his 
key for three days, reporting the names of 
the 706 survivors as they came in. Other 
speakers at the dinner included Owen D. 
Young, retired chairman of the board of 
the General Electric Company, and Doctor 
Karl T. Compton (F’31) president of 
Massachusetts Institute of Technology. 


JOINT ACTIVITIES 


Engineering Foundation 
Elects Officers for 1946 


Officers for 1946-47 were elected at the 
annual meeting of the Engineering Founda- 
tion with Doctor A. B. Kinzel, vice-presi- 
dent of Union Carbide and Carbon Re- 
search Laboratories, Inc., and of the Elec- 
tro Metallurgical Company, re-elected 
president of the Foundation. Other offi- 
cers elected were: 

Vice-Chairman—Doctor L. W. Chubb (F ’21) director 
of the Westinghouse Research Laboratories, East 
Pittsburgh, Pa. 

Director—Doctor Edwin H. Colpitts (F 12) retired 


vice-president of Bell Telephone Laboratories, Inc., 
New York, N. Y. 


Secretary—John H. R. Arms, 


Doctor Kinzel will represent the Engineer- 
ing Foundation on the executive board of 
the National Research Council. 

The Research Procedure Committee will 
be headed by Doctor Chubb for the coming 
year. Other members of the committee 
will be B. A. Bakhmeteff, consulting engi- 
neer and professor of civil engineering, 
Columbia University, New York, N. Y.; J. 
F. D. Smith, acting president of Purdue 
University and dean of the engineering 
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school, Lafayette, Ind.; and F. F. Colcord, 
vice-president and manager of metal sales 
for the United States Smelting, Refining, 
and Mining Company, New York, N. Y. 

The executive committee for the year 
will consist of Doctor Kinzel, J. Schuyler 
Casey, R. H. Chambers, C. R. Jones 
(M °30), and O. E. Buckley (F’29). Mr. 
Arms is secretary of the committee. 

The Engineering Foundation is one of the 
departments of the United Engineering 
Trustees, Inc., a corporation which was set 
up jointly by the four national engineering 
Founder Societies which have an aggregate 
membership of more than 88,000. The 
foundation was set up for ‘“‘the furtherance 
of research in science and engineering, and 
the advancement in any other manner of 
the profession of engineering and the good 
of mankind.” The four Founder Societies 
are the AIEE, the American Society of 
Civil Engineers, the American Institute of 
Mining and Metallurgical Engineers, and 
the American Society of Mechanical En- 


gineers. 


New ASA Director of Information. 
Frank MacMillen, until recently a member 
of the staff of the New York Times has been 
appointed director of information for the 
American Standards Association. He will 
supervise an expanded educational pro- 


LETTERS TO 


INSTITUTE members and subscribers are invited 
to contribute to these columns expressions of opinion 
dealing with published articles, technical papers, 
or other subjects of general professional interest. 
While endeavoring to publish as many letters as 
possible, Electrical Engineering reserves the right 
to publish them in whole or in part or to reject them 
entirely. Statements in letters are expressly under- 


An Analysis of 
Electromagnetic Forces 


To the Editor: 

Reference is made to a letter from Alfred 
Gronner which appeared in the June 1946 
issue of Electrical Engineering, pages 300-02, 
commenting on my article ‘An Analysis of 
Electromagnetic Forces” which was pub- 
lished in the October 1945 issue, pages 
351-6. In his letter Mr. Gronner, bor- 
rowing from certain relativity concepts, 
offers a mathematical study in support of 
the popular belief that ‘‘parallel currents at- 
tract.” 

While this belief is not an inherent part 
of conventional electromagnetic theory, it 
is a natural result of the prevailing methods 
of interpreting the subject. Following this 
belief to its logical conclusion leads to the 
inconsistencies I spoke of in my article, 
and the combination of relativity and ortho- 
doxy proposed in Mr. Gronner’s letter does 
not resolve them. In fact, it appears to 
add to their complexity by presenting a 
derivation for the force between current 


596 


gram designed to inform the public, as well 
as interested industrial and _ technical 
groups, concerning the activities of the 
association. Mr. MacMillen previously 
had been on the staffs of the Associated 
Press, the Wall Street Journal, and Newsweek 
magazine. 


UET Elects 1946-47 Officers. J. P. H. 
Perry, vice-president of the Turner Con- 
struction Company, New York, N. Y., has 
been re-elected president of the United 
Engineering Trustees. Other officers 
elected are: 


Vice-Presidents—Ralph M. Roosevelt, New Canaan, 
Conn. 

William H. Harrison (F’31) vice-president of the 
American Telephone and Telegraph Company, New 
York, N. Y. 


Treasurer—Albert Roberts of Minerals Separation 
North American Corporation, New York. 


Assistant Treasurer—C. R. Jones (M’30) Eastern 
transportation manager, Westinghouse Electric Cor- 
poration, New York, N. Y. 


Secretary—John H. R. Arms. 


The United Engineering Trustees is a cor- 
poration set up jointly by the four Founder 
Societies for the advancement of the engi- 
neering arts and sciences in all their 
branches. It functions through two de- 
partments: the Engineering Foundation 
and the Engineering Societies Library. 


THE EDITOR 


stood to be made by the writers. Publication here 
in no wise constitutes endorsement or recognition 
by the AIEE. All letters submitted for publication 
should be typewritten, double-spaced, not carbon 
copies. Any illustrations should be submitted in 
duplicate, one copy an inked drawing without 
lettering, the other lettered. Captions should be 
supplied for all illustrations. 


streams which involves the velocity of the 
observer. This would make the activities 
of nature dependent upon the viewpoints of 
observers, a result opposed to all sense of 
logic, and one which I was able to elimi- 
nate in my analysis. Otherwise one is 
led to inquire how nature will act in the 
absence of observers. A situation such as 
that proposed by Mr. Gronner would shake 
the very foundations of electrostatics, and 
leave no basis for electrodynamics except 
in the mind of the observer. If this con- 
clusion seems a little strong, it is inescap- 
able if one accepts at its face value Mr. 
Gronner’s statement: “‘F), is a force due 
to the relative motion of the observer and the 
charges.” ‘The italics are his, presumably 
intended to emphasize the conclusion just 
stated, following which he derives from the 
value of J, the formula for the electro- 
magnetic force between current streams. 
I prefer to believe that electromagnetic 
forces are natural forces, having a real exist- 
ence, and not merely existing in the mind 
of the observer. Nature must be presumed 
to proceed in an orderly fashion without 
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the requirement of human intervention. 

The approach to this subject as outlined 
in my article is receiving considerable at- 
tention by a number of investigators, par- 
ticularly in the more scientific circles, while 
there is increasing evidence that even in 
engineering circles thoughtful individuals 
are becoming doubtful of the basis for cer- 
tain prevailing beliefs. F. W. Warburton 
of the University of Kentucky, in letters to 
the editor of the Physical Review,” offers 
formulas for the forces between charges 
based solely on the relative velocity and 
acceleration of the charges. I might inter- 
polate here that my article in the October 
1945 Electrical Engineering was based on, and 
limited to, the concept of relative velocities, 
and showed that this concept led to the 
demonstrable electromagnetic forces; but 
that I have applied the method to relative 
acceleration also, with the result that these 
lead to an explanation of the effects 
of electromagnetic induction, such as in- 
duced voltages, self- and mutual-induction, 
radiation, and the like. 

As to the conventional treatment of 
Maxwell’s concept of the electromagnetic 
field, definite dissatisfaction is voiced by 
R. B. Lindsay and H. Margenau, of Brown 
University and Yale University respec- 
tively, who in a book? on physics state: “It 
failed, of course, to meet the demands of the 
flood of electrical phenomena discovered 
during the last few decades of the century, 
but in its very failure it has influenced pro- 
foundly the course of present-day physics.” 
In view of such opinions I believe one is 
justified in questioning the validity of the 
conventional approach, even when em- 
ployed by so eminent an authority as J. A. 
Stratton of the Massachusetts Institute of 
Technology (my own alma mater) who in 
his book* on the subject (one of the text- 
books in the McGraw-Hill international 
series in physics) starts out in the first para- 
graph with an acceptance of Maxwell’s 
equations and postulates them as the basis 
of his development of the subject. 

Doubt is simmering in Great Britain also. 
Alfred O’Rahilly® of University College, 
Cork, has devoted the major portion of a 
large and masterful volume to this very sub- 
ject. The terms “doubt” and “simmering” 
are, perhaps, a bit mild to use in referring 
to O’Rahilly’s strongly stated opinions, but 
may seem better fitted to some of the com- 
ments appearing in the technical press. 
Reference is made, for instance, to articles 
by G. W. O. Howe’? in the Wireless En- 
gineer, London, and I. A. Robertson’ in the 
Philosophical Magazine. 

There is a substantial but rather scattered 
literature on the subject, the foregoing 
references illustrating some of the more 
recent only. Even such a limited group as 
this, however, demonstrates the chaotic 
situation existing with regard to the funda- 
mental theory behind the matter. For in- 
stance, references 6 and 8 discuss the same 
point, which concerns an apparent paradox 
in the case of charges moving at right 
angles to each other. Both commentators 
point out that conventional analysis leads 
to the conclusion that there is a force on one 
particle due to the other, but no force on the 
second due to the first, a result at variance 
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with Newton’s third law of motion. Robert- 
son attempts to explain away this paradox 
by drawing on the work of Ampere, and 
arrives at the conclusion that there is no 
force on either charge. Howe arrives at 
the same conclusion by an involved and 
unconvincing application of Maxwell’s 
displacement current concept. The rela- 
tive velocity concept followed in my article 
leads to the conclusion that there are equal 
forces on both charges. It is interesting to 
note in this connection that my formula 
(equation 4 in my article) is substantially 
that of Ampere, except that I use relative 
velocities and Ampere used absolute 
velocities, whatever they may mean today. 

Howe’s other article (reference 7) and 
Mr. Gronner’s comments illustrate another 
divergence of opinion. In this case Howe 
attempts to explain the pinch effect as a 
purely electrostatic phenomenon, while 
according to Mr. Gronner it is an electro- 
magnetic phenomenon by reason of the 
motion of the negative charges relative to 
the observer. But in my article I show that 
the relative velocity concept explains it as 
an electromagnetic phenomenon due to the 
motion of the negative charges relative to 
the positive charges. 

These instances illustrate only some of the 
chaotic conditions and the shades of opinion 
existing in presumably well-informed cir- 
cles. Something should be done to clear up 
the situation, and that is what I am trying 
to do, if only to the extent of stirring up the 
subject. 

Echoes of these more technical aspects of 
the subject have appeared to some extent in 
the pages of Electrical Engineering other than 
in my article. In the October 1945 issue, 
page 381, the same issue in which my article 
appeared, B. Litman of the Westinghouse 
Electric Corporation, in a letter to the 
editor, raises a question on the very point at 
issue between Mr. Gronner and myself. I 
have often wondered whether Mr. Litman 
read the article and was satisfied with my 
explanation. Also in Electrical Engineering 
there have appeared, from time to time, 
essays for recreation. ‘These have been in- 
teresting but many of them would have had 
no point if there were not certain widely 
held misconceptions upon which they were 
able to build. Other articles have appeared 
in the past, notably those of many years ago 
by Carl Hering, which I read at the time 
with much interest and which I am glad to 
acknowledge had much to do in arousing 
my interest in the subject. 

In the analysis of electromagnetic forces 
as developed in my article, I arrive at a con- 
cept for the effects of relative velocity, 
which I embody in two propositions. It is 
presumably these two propositions to which 
Mr. Gronner refers when he accuses me of 
postulating new laws of nature. Actually 
the concept is not new at all, having been 
formulated by Wilhelm Weber almost 
exactly 100 years ago. It was developed 
further by a number of the leading scien- 
tists of the latter half of the 19th century, in- 
cluding Clausius and Riemann, and even to 
some extent by H. A. Lorentz, until ob- 
scured by the ideas of Maxwell. Now the 
wheel turns again. The Maxwellian 
approach is found wanting, and the older 
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concept is receiving renewed attention. My 
two propositions, which I developed strictly 
in accordance with this concept, lead 
directly to my formula for the force between 
moving charges. This is the formula men- 
tioned above which, except for using rela- 
tive velocities instead of absolute velocities, 
is equivalent to the one Ampere developed 
as far back as 1823. It proves to be a power- 
ful method, and with our greater knowledge 
of the nature of matter and electricity, it is 
hoped that we can forge it into a more com- 


plete theory of electromagnetism than did 


our scientific predecessors. 

To continue with a specific consideration 
of Mr. Gronner’s comments, it seems 
superfluous to point out that the action of 
current flow must produce forces of a 
definite and predictable magnitude. Take 
the case of short-circuit currents, which can 
produce destructive effects if precautions 
are not taken to provide adequate support 
for the conductors carrying these currents. 
Certainly the dangerous effects possible in 
such cases cannot be dependent upon the 
viewpoint of an observer. But application 
of Mr. Gronner’s method and assignment 
of various velocities to his observer certainly 
will lead to a wide variety of inconsistent 
results, as will be obvious. It does not 
seem necessary to give specific numerical 
examples. 

The trouble with Mr. Gronner’s analysis 
is that he has considered only a special case 
(that of equal parallel velocities) and at- 
tempts to build up a general theory of elec- 
tromagnetism from it. It is suggested that 
his method be tried for the general case, in 
which the velocities of the charges may have 
any assignable individual values. It then 
will be found that the analysis cannot be 
carried out without eliminating the ob- 
server and considering the velocity of the 
charges relative to each other. This case 
will bring out also the main mathematical 
error in Mr. Gronner’s analysis, which 
occurs in his equation 18 wherein v is 
equated to v Xv. This error is obscured in 
Mr. Gronner’s work, as he does not use the 
subscripts 1 and 2, but he definitely uses 
these two velocities as the individual veloci- 
ties of the two current streams in equations 
20 and 21. In his special case they have 
equal magnitudes but are none the less 
separate mathematical entities and cannot 
be derived from v2, This will be clear in 
the general case wherein vz; does not equal 
ve, and, therefore, 7 <v2 cannot be equal to 
v®, In this case there is no means of making 
the transition from v? to v1 Xve, and I should 
like to see Mr. Gronner’s method of ac- 
complishing this step. 

I might mention, for the benefit of any- 
one interested in analyzing Mr. Gronner’s 
letter, that there are a number of typo- 
graphical errors which make the mathe- 
matics somewhat difficult to follow. These 
appear to be truly typographical in nature, 
and no criticism can be made of Mr. Gron- 
ner for their occurrence. On the other 
hand, I do not believe he has added to the 
clarity of his case by including the appendix 
for the derivation of the integral of equation 
16. Theintegrand in equation 16 is a stand- 
ard form of a quadratic to the minus 3/2 
power and is given in any short table of 
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integrals. It yields the result obtained if one 
makes the approximation that x/+/x?-+.62a2 
=1, when x=. This is just as accurate 
an approximation as tanh a@a=1, when 
a-o, “ 

With regard to Mr. Gronner’s introduc- 


tion of the factor 1/1 —v?/c?, this appears to 

be an ad hoc assumption without good — 
authority. Admittedly, it is used freely in 
relativity analysis in many ways, but not to 
my knowledge as a factor to relate forces in 
different frames of reference as he has used 
it. It would appear that Mr. Gronner has © 
introduced considerable novelty at this 
point. Moreover, if such a term is to be 
used at al] to relate observed forces, I be- 
lieve the manner of using it as proposed by 
Mr. Gronner will lead to results at variance 
with the law of conservation of momentum. 
This will be seen from the following 
analysis. 

Conservation of momentum requires that 
what an observer notes as force must be 
proportional to the product of what he 
calls mass and the rate of change of velocity, 
regardless of the frame of reference. Since 
Mr. Gronner’s problem is concerned only 
with components in the y direction, it is 
necessary to consider only the y components 
of force and acceleration. Taking the 
problem as he has set it up, and using his 
nomenclature, an observer in the stationary 
frame of reference will note that the force is 


F, =may/dt? (1) 


while an observer in the moving frame of 
reference will note the force as 


F,* =m*d*y* /dt*? (2) 


The problem is to find out whether Mr. 
Gronner’s analysis yields this invariant re- 
lationship. That is, will an observer in the 
stationary system agree that equation 2 is 
correct for an observer in the moving 
system? Following Mr. Gronner 


B=V1-v2/2? 
F, =86F,* 
y=y* and therefore dy =d?y* 
t*=(t—vx/c)/B, and therefore dt** =dt?/p? 
and di? = 6di**, a relationship which 
is mathematically sound and has the 
proper operational effect in the term 
d*y /dt? 


It also commonly is accepted in relativity 
circles that 


m*=m/B, or m=Bm* 


Substituting these values in equation 1 
gives 


BF* = Bm*d?y* /B2dt*? 
or F* =m*d2y* /B2dt*? (3) 


It is clear that equation 3 does not agree 
with equation 2, and the observer in one 
system will not agree with the observer in 
the other system. It would appear that if 
the factor +/1—v?/c? is to be used at all, 
Mr. Gronner’s equation for the relation- 
ship between F, and F,* should be Fy = 
F,*/8 instead of F, = BF*. But if this 
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should be the case, the term (1—v?/c) in 
his equation 16 would vanish, and the sub- 
sequent value of F2, would be zero, as pre- 
dicted in my article. It thus is seen that, if 
Mr. Gronner’s result is accepted, one must 
discard the principle of the conservation 
of momentum, whereas if this principle 
is to be retained, one cannot accept Mr. 
Gronner’s result. 
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Sign of Reactive Power 


To the Editor: 


The article, “Sign of Reactive Power,” 
which appeared in the November 1946 issue 
of Electrical Engineering, pages 512-16, is a 
most excellent presentation of the considera- 
tions which led a special subcommittee of 
the AIEE Standards committee to recom- 
mend that the present internationally recog- 
nized convention for the algebraic sign of 
reactive power should be reversed. The 
presentation is accurate and shows conclu- 
sively that, although either convention is 
possible mathematically, the present stand- 
ard is the one which yields a vector power 
diagram which is similar to the admittance 
diagram and which is therefore the more 
useful for handling problems involving 
many individual loads connected in paral- 
lel. In spite of this result the subcom- 
mittee chose the opposite convention, be- 
cause they believed that otherwise they 
logically would be compelled to abandon 
the even more useful concept that an “in- 
ductive load absorbs (positive) reactive 
power.” 

I believe, however, that their statement 
“no workable compromise which would al- 
low the standard to remain unaltered and 
at the same time would meet the objections 
to it could be found” is unduly pessimistic. 
It seems to me that there is an alternative 
which will enable us to “eat our cake and 
have it, too,” and which will cause the re- 
sulting minus sign to appear at a place 
where it will not do serious violence to 
recognized mathematical conventions. 
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The problem is to reconcile two desid- 
erata, each of which is based on a long- 
recognized and significant fact, but between 
which there exists a certain implicit incom- 
patibility. The first is 


A. An overwhelming majority of the a-c circuits 
dealt with in modern electrical engineering are of the 
constant-voltage parallel-load type, and hence it is 
desirable to analyze them by vector diagrams for 
power which are similar to the vector diagrams of 
admittance and of current. 


It was this consideration which led the 
AIEE committee on this subject in 1932 and 
the International Electrotechnical Com- 
mission in 1935 to select the present sign for 
reactive power. The second and equally 
significant fact is 


B. An overwhelming majority of loads happen to be 
inductive, and it is therefore desirable that in metering 
and load dispatching the terminology should be 
consistent with the flow of a positive quantity analo- 
gous to energy from an overexcited generator to an 
induction motor. 


This concept, that there is something 
which flows into an inductive load while 
reactive power is being maintained at its 
terminals, has become of great practical 
value. Var-hour meters have been in- 
vented to meter this imaginary quantity, 
and varmeters have been invented to indi- 
cate its rate of flow. Yet hitherto there has 
been no name for the quantity itself. This 
lack of adequate nomenclature has led to the 
unfortunate practice of speaking about 
“flow of reactive power,” “‘absorption of re- 
active power,’ or for short “‘flow of re- 
active” and even ‘“‘flow of x.”’ Of course, 
strictly speaking reactive power does not 
flow but merely exists as a measure of the 
rate of flow of something else, just as active 
power does not flow but exists as a measure 
of the rate of flow of energy. Yet it is this 
concept, that something flows and that 
whatever does flow should be defined as 
positive, combined with the false notion 
that it is the reactive power which really 
flows, which has led to the recent request 
that the sign of reactive power be reversed. 

I would like to propose as an alternative 
the following three-point program which 
seems to me to yield a more satisfactory 
solution than that offered by the subcom- 
mittee. 

Point 1 is to coin a word to serve as a 
name for the quantity which is thought of 
as flowing into an inductive circuit and of 
which the var-hour is the unit. I propose 
the word, “quadergy” derived, of course, 
by combining syllables of “‘quadrature” and 
of “energy” (the term, ‘reactive energy” 
should not be used but should be reserved 
for the actual energy which alternately is 
stored and returned by an inductive circuit. 
This latter quantity is true energy, though 
it seldom is realized how small it is. For 
instance a circuit at which the reactive 
power is maintained at 1,000 kilovars stores 
and returns an amount of energy, the maxi- 
mum value of which is only 0.0007 kilowatt- 
hours). ‘The proposed definition is: 


Quadergy 05.21.051 


The quadergy which has been supplied by a source to 
a load during a time interval is the integral with respect 
to time of the reactive power at the points of entry 
of the source, taken over the time interval. 
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The value of quadergy is given in var-hours when the 
reactive power is in vars and the time is in hours. 
Note: In describing the operation of an a-c system 
with reactive loads, it has been found convenient to 
assume the existence of this quantity, which is analo- 
gous to energy, which is inherently positive, and 
which is assumed to flow out of a properly excited 
source into an inductive load. 

C. It follows from definition 05.21.050 that the 
quadergy supplied to an inductive load is positive 
because the reactive power at the points of entry of a 
source of quadergy is positive, while that at a sink 
of quadergy is negative. 


Point 2 is to set up a standard convention 
for marking the scales and terminals of var- 
meters and related apparatus, so that there 
may be uniformity of practice among dif- 
ferent power companies, and so that the 
instruments will indicate conveniently the 
flow of quadergy in the way most desired by 
load dispatchers. Presumably this will in- 
volve marking based on an “in and out” 
flow of quadergy rather than on “‘plus or 
minus” signs of reactive power or on “lag or 
lead” of current. 

At its meeting in the spring of 1946 the 
AIEE committee on instruments and meas- 
urements authorized the formation of a sub- 
committee for this purpose. 

Point 3 is to leave the present definition 
of the sign of reactive power unchanged, 

It will be seen that Point 2 satisfies the 
desideratum B, and Point 3 satisfies the 
desideratum A, and that Point 1 merely 
gives recognition to and makes more con- 
venient the use of a concept which long ex- 
perience has shown to be of great value in 
the power industry. 

With this procedure the incompatibility 
will show up in a difference in the practice 
of connecting varmeters and wattmeters. 
This difference can be expressed in either 
of two ways. 

1. If we still retain the arbitrary convention that an 
upscale deflection of an instrument is always to corre- 
spond to a positive value of the quantity (active power 
or reactive power) indicated by the instrument, then 
it appears that at a given set of points of entry, which 
divide a completg circuit into two portions, the watt- 
meter indicates the active power of one portion while 
the varmeter indicates the reactive power of the other 


portion. The magnitude of either power is neces- 
sarily the same for both portions of the circuit. 


2. The alternative and simpler way of describing 
this situation is to say that we scrap the arbitrary 
convention which connects the direction of an instru- 
ment deflection and the sign of the indicated quantity 

Viewed on either alternative this situa- 
tion is closely parallel to, and no worse than, 
that of a center-zero ammeter in a storage 
battery circuit. Here custom requires that 
an upscale deflection correspond to a con- 
dition of charge. If the ammeter is in 
the positive lead of the battery, this up- 
scale deflection does correspond to a posi- 
tive current, but, if the ammeter happens to 
be connected in the negative lead, either 
(1) the ammeter must be considered as 
measuring the current in the charging cir- 
cuit instead of the current in the battery or 
else (2) the upscale deflection on charge 
must be taken to correspond to a negative 
current, that is, a flow of electric charge out 
of the load. 

If the actual connection of wattmeters 
and varmeters on the switchboard were 
made directly on the basis of fundamental 
definitions, this situation might be objec- 
tionable. In practice, however, the elec- 
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trician wires the instrument in accordance 


with the manufacturer’s blueprint. The 


_ blueprint is based on current practice for 


wattmeters and on the standard as set up in 
Point 2 for varmeters, and I believe no diffi- 
culties will be created. In fact, at present 
the generator wattmeters are connected to 
read upscale for energy flow out of the gen- 
erator, while motor wattmeters are con- 
nected to read upscale for energy flow into 
the motor. I propose that we similarly 
connect generator varmeters to read upscale 
when quadergy is flowing out of the genera- 
tor and connect motor varmeters so as to 
read upscale when quadergy is flowing into 
the motor. 
generator the active power is negative while 
the reactive power is positive, because I be- 
lieve that this inconsistency is much less dis- 
turbing than an abandonment of desidera- 
tum A, 

_ Quadergy is of course a highly artificial 
and intangible concept, yet it would seem 
that definite progress should result if engi- 
neers should give to this “airy nothing, a 
local habitation and a name.” 


F. B. SILSBEE (F ’42) 


(Chief, division of electricity, National Bureau of 
Standards, Washington, D. C.) 


NEW BOOKSeeece 


“Heating Ventilating Air Conditioning 
Guide 1946.” This 24th edition of the 
guide contains an enlarged technical data 
section and a new grouping of subjects “to 
provide a more logical progression from 
fundamental principles to specific applica- 
tion.” A new chapter on ‘‘Fluid Flow” 
has been added, and important additions 
and revisions have been made in the chap- 
ters: Thermodynamics, Air Contami- 
nants, Instrumentsand Measurements, Heat 
Transmission Coefficients of Building Ma- 
terials, Physiological Principles, Air Con- 
ditioning in the Prevention and Treatment 
of Disease, Cooling Load, Heating Boilers 
and Furnaces, Gravity Warm Air Systems, 
Mechanical Warm Air Systems, Steam 
Heating Systems and Piping, Pipe Insula- 
tion, Dehumidification by Sorbent Materi- 
als, Refrigeration, Air Distribution, Air Duct 
Design, and Owning and Operating Costs. 
The chapter on terminology has been re- 
vised to obtain better conformity with the 
terms of basic science rather than the less 
accurate forms often adopted by special- 
ists. Besides the 51-chapter technical data 
section, a manufacturers’ catalogue data 
section, and the roll of membership of the 
American Society of Heating and Ventilat- 
ing Engineers are included in the volume. 
Complete indexes to the technical and 
catalogue sections are provided. The 
technical data section is divided into eight 
sections: princspals, human reaction to 
atmospheric environment, heating and 
cooling loads, combustion and consump- 
tion of fuel, heating systems and equip- 
ment, air conditioning, special applica- 
tions, installation and testing codes. 
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This ignores the fact that at the. 


The American Society for Heating and 
Ventilating Engineers, New York 10, 
N. Y., 1946, 61/4 by 9!/4 inches, 1,279 pages 
plus the roll of membership, cloth, $6. 


The following new books are among those recently 
received at the Engineering Societies Library. 
Unless otherwise specified, books listed have been 
presented by the publishers. The Institute as- 
sumes no responsibility for statements made in the 
following summaries, information for which is taken 
from the prefaces of the books in questien. 


ASTM STANDARDS ON RUBBER PRODUCTS. 
Prepared by ASTM Committee D-11 on Rubber 
Products; Methods of Testing, Specifications, March, 
1946. American Society for Testing Materials, Phila- 
delphia 2, Pa. 540 pages, illustrated, 9 by 6 inches, 
paper, $3.25 (to ASTM members, $2.20). More than 
75 specifications and tests covering natural and syn- 
thetic rubbers are collected in this publication. The 
largest section covers general methods of analysis, 
identification, and testing. The following sections deal 
with electric tests; insulated wire and cable; hose, 
belting, gloves, tape, and so forth, nonrigid plastics; 
and tests and specifications for miscellaneous products 
not previously covered. There is a section on nomen- 
clature and definitions, and a number of proposed 
specifications are included to solicit comment. 


CIRCUIT ANALYSIS. By C. E. Skroder and M. S. 
Helm. Prentice-Hall, Inc., New York, N. Y., 1946. 
288 pages, illustrated, 91/4 by 6 inches, cloth, $5.35. 
The object of this book is to provide in a single volume 
a wide selection of laboratory circuit experiments, in- 
cluding a very comprehensive coverage of the related 
circuit theory and laws, the theory and limitations of 
the necessary instruments, and the methods of making 
measurements. The experiments are presented as 
problems to induce the student to adopt an analytical 
approach in determining the experimental data 
needed, the circuits to be used, the measurements to be 
made, and the interpretation of the observed and cal- 
culated data for a rational solution. 


CURRENTS IN AERIALS AND HIGH-FRE- 
QUENCY NETWORKS. By F. B. Pidduck. Clar- 
endon Press, Oxford, England; Oxford University 
Press, New York, N. Y., 1946. 97 pages, illustrated, 
9 by 51/2 inches, cleth, $2.50, This book is an account 
of previously unpublished investigations on currents in 
aerials, based on a little-known paper of Pocklington. 
Fundamental formulas are deduced and extended to 
soldered networks. The theory of transmission lines is 
established as that of a system of two aerials, the un- 
tuned Y feeder is considered in detail, and a theory of 
aerails parallel to the earth is worked out, The neces- 
sary tables for calculations are included. 


INDUCTANCE CALCULATIONS, By F. W. 
Grover. D. Van Nostrand Company, New York, 
N. Y., 1946. 286 pages, illustrated, 91/4 by 6 inches, 
cloth, $5.75. This volume has been prepared with the 
idea of providing for each special type of inductor a 
single simple formula that will involve only the pa- 
rameters that naturally enter together with numerical 
factors obtainable from tables. General principles and 
working methods are given in the introductory chap- 
ters. The separate types of circuits are covered in the 
succeeding chapters, including the necessary tables 
with the last three chapters devoted to auxiliary table 
of functions and special formulas. 


PLASTICS FOR ELECTRICAL AND RADIO 
ENGINEERS. By W. J. Tucker and R. S. Roberts. 
Technical Press, Ltd., Gloucester Road, Kingston 
Hill, Surrey, England, 1946. 148 pages, illustrated, 
9 by 51/4 inches, cloth, 12s, This handbook provides 
the electronic engineer with essential data relating to 
the application of plastics in the electrical and radio 
industry. Molding and manufacturing procedure and 
the advantages and limitations of plastic materials are 
discussed in a full and practical manner, Insulation 
and testing problems are dealt with in detail, and 
tables giving physical properties are presented in a 
manner useful to the electronic industry. 


Of Current Interest 


CALCULUS. By F. H. Miller. Second edition. 
John Wiley and Sons, New Yerk, N. Y.; Chapman 
and Hall, London, England, 1946. 416 pages, illus- 


trated, 81/2 by 5!/2 inches, cloth, $3.50. This book is. 
. designed to give the student a comprehension of the 


basic concepts and methods of calculus, presenting the 
subject both as an impcrtant branch of mathematics 
and as a tocl for practical use. Additions to the new 
edition include a discussion cf graphical differentiation, 
a summary of the prccesses of integration, a discussion 
of approximate integration, and numberous formulas 
and theorems. Answers are given to the odd-num- 


bered exercises only, the balance of the answers being _ 


available spearately to teachers. 


PIEZOELECTRICITY. By W.G. Cady. McGraw- 
Hill Book Company, New York, N. Y., 1946. 806 
pages, illustrated, 9 by 5%/4 inches, cloth, $9. The en- 
tire field of piezoelectricity is covered in this compre- 


_ hensive treatise, including related areas of elasticity, 


dielectrics, optics, and magnetism. Crystallography 
-and the general properties of crystals lead up to the 
discussion of quartz and Rochelle salt with their special 
applications. A unified account is given of experi- 
mental results, with many formulas, numerical data, 
and an extensive bibliography. 


LES TENSEURS EN MECANIQUE ET EN 
ELASTICITE. By L. Brillouin. Dover Publica- 
tions, New York, N. Y., 1946. 364 pages, illustrated, 
91/2 by 6 inches, cloth, $3.75. This book presents an 
exposition of tensor analysis and its applications in 
theoretical physics. The range of the book is indi- 
cated by the chapter headings: vector geometry; 
pseudo-tensors; the principal differential operators; 
parallelism, covariant, and contravariant derivative; 
Riemann space; use of Riemannian geometries in 
analytical mechanics; transition of wave mechanics; 
elasticity and waves in elastic solids; theory of solids 
and quantum mechanics. There is an index. 


LES RADIATIONS. By C. Fabry. Librairie 
Armand Colin, Paris, France, 1946. 220 pages, il- 
lustrated, 61/4 by 41/2 inches, paper, 60 francs. The 
fundamental properties of radiations, their sources, and 
effects. are discussed in this small volume. The 
author presents a critical study of recent developments 
in producing, analyzing, and measuring thermal and 
optical radiations, including fluorescence and phos- 
phorescence. The final chapter describes biologic and 
therapeutic applications and uses in analytic chemistry 
and photochemistry. 


LABOR PROBLEMS. By W. V. Owen. Ronald 
Press Company, New York, N. Y., 1946. 570 pages, 
illustrated, 91/4 by 6 inches, cloth, $4.50. Intended 
to present a survey of the principles and problems of 
labor economics from a broad viewpoint, this book 
covers the subject in four main sections: the economic 
characteristics of labor and the nature of the labor 
market; the labor market in operation, including 
supply and demand, wages, hours, working conditions, 
and the mobility of labor; the control of the labor 
market exerted by the trade unions, the employer, 
and the state; and security in the labor market as af- 
fected by old age, unemployment, and time lost 
through strikes and disagreements. 


PSYCHOLOGY IN INDUSTRY. By N. R. F. 
Maier. Houghton Mifflin Company, Boston, Mass., 
New York, N. Y., and Chicago, Ill., 1946. 463 pages, 
illustrated, 81/4 by 5!/4 inches, cloth, $3. The author 
discusses in a nontechnical but systematic manner the 
various aspects of the industrial situation to which the 
principles of psychology are applicable. Beginning 
with the fundamental problem of why people act as 
they do, he covers morale and motivations, the allow- 
ance for variations in individuals, the use of psychologi- 
cal tests and the analysis of skills, fatigue conditions 
and the prevention of accidents, and psychological 
factors in labor turnover. The book is designed for a 
wide audience from the student to top management. 


RADAR. By J. F. Rider and G. C. B. Rowe. John 
F. Rider, Publisher, Inc., New York 16, N. Y., 1946. 
72 pages, illustrated, 11 by 81/2 inches, paper, $1. The 
underlying principles of radar are explained in simple 
language with a description of the basic radar set. 
The use of radar during the war by land, sea, and air 
forces is described, including countermeasures. A 
brief survey of the future of radar is added in con- 
clusion. 
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lustrated, 91/4 by 6 inches, alpth, $4. The opening 


chapters cover the principles of the optical micro- 


scope, including a discussion of wave motion as a 


_ means of propagation of energy. The author proceeds 


to a description of electromagnetics and the electron, 
and then presents the physical principles upon which 
the operation of the electron microscope is based. 
Both the electrostatic and magnetic types are covered. 
Important practical applications of the electron micro- 
scope are considered in the last chapter. The book is 
well illustrated with sketches and microphotographs, 
and there is a 20-page bibliography. 


i 

GRUNDZUGE DER THEORETISCHEN LOGIK. 
By D. Hilbert and W. Ackermann, Second enlarged 
edition. Dover Publications, New York, N. Y., 1946. 
133 pages, tables, 83/4 by 51/2 inches, cloth, $2.50. An 
introduction to the subject of symbolic logic, this book 
demonstrates the application of strict formulas and 
methods for their manipulation to the field of philo- 
Four chapters deal respectively with: 
the propositional calculus; the calculus of classes; 
the simple function calculus, that is, the calculus ol 
classes of individuals and of multiple relations be- 
tween individuals; and the logical paradoxes and the 
use of a theory of type to avoid paradox. 


MACRAE’S BLUE BOOK. Fifty-third annual edi- 
tion. MacRae’s Blue Book Company, 18 East Huron 
Street, Chicago, Ill., 1946. 3,736 pages, illustrated, 
11 by 8 inches, cloth, $15. This annual directory 
gives a complete listing of manufacturers in the United 
States, classified according to products. The first 400 
pages of the volume contain an alphabetical list of 
manufacturers, producers and wholesalers with 


capital ratings, location of branches, and, in some 


cases, addresses of local distributors. The third and 
last section of the volume is an alphabetical list of trade 
names. 


ELECTRIC DISCHARGE LAMPS, By H. Cotton. 
Chapman and Hall, London, England, 1946. 435 
pages, illustrated, 83/4 by 51/2 inches, cloth, 36s. The 
structure of atoms and molecules is explained in suffi- 
cient detail for an understanding of the fundamental 
principles involved in light production in discharge 
lamps. Descriptions are given of the various kinds of 
lamps in present use, with their construction and 
operating characteristics. The control of electric dis- 
charge lamps is discussed, and a chapter is deyoted to 
the nature of fluorescence and, the applications of 
fluorescent materials to these lamps. 


ENGLISH-FRENCH AND FRENCH-ENGLISH 
TECHNICAL DICTIONARY. By F. Cusset. 
Chemical Publishing Company, Brooklyn, N. Y., 
1946. 590 pages, 63/4 by 5 inches, cloth, $5. Giving 
both English to French and French to English trans- 
lations, this dictionary, as shown on the title page, 
covers metallurgy, mining, electricity, chemistry 
mechanics, and science. Phrases as well as words are 
given and in many cases appear directly under each of 
the important words. A few basic conversion tables 
appear at the end of the book. 


LABOR-MANAGEMENT ECONOMICS. By W. 
V. Owen in collaboration with Stevenson, Jordan and 


Harrison, Inc., Management Engineers. Ronald 
Press Company, New York, N. Y., 1946. 121 pages, 
diagrams, 81/4 by 51/4 inches, cloth, $2. Part I, on 


employer-employee economics, deals with manage- 
ment, preductjon, risks, and costs on the employer’s 
side of the question and with wages, labor economics, 
and unionism, as more directly related to the em- 
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"necessary fundamentals, and, since the book is in- 
tended for users of equipment already available, no 
design information is presented. 


ATOMIC SPECTRA. By R. CG. Johnson. Methuen 
and Company, Ltd., London, England. Distributed 
by Chemical Publishing Company, Brooklyn, N. Y., 
1946. 120 pages, illustrated, 63/1 by 4 inches, cloth, 
$2. Following a brief introduction on the production 
of spectra, the book discusses spectra of the hydrogen 
type, one electron revolving around a positive nucleus, 
and spectra of atoms with two or more electrons. 
The structure of atoms is considered, and two chapters 
deal with the effect of special conditions and applied 
fields on spectral lines, ‘The organization of the 
periodic table on the basis of the electronic structure 
of the elements is demonstrated, and spectroscopic 
instruments and procedures are described. 


PRINCIPLES CF PHYSICS, Volume 2, Electricity 
and Magnetism. By F. W. Sears. Addison-Wesley 
Press, Cambridge 42, Mass., 1946. 434 pages, il- 
lustrated, 9 by 6 inches, cloth, $5. A college textbook, 
this volume deals with the elements of electricity and 
magnetism on the basis of a thorough preliminary 
background of mathematics and general physics. 
Separate chapters are devoted to ferromagnetism, elec- 
tromotive force, and the basic principles of electronics. 


FUNDAMENTALS OF ALTERNATING-CUR- 
RENT MACHINES. By A. Pen-Tung Sah. Mc- 
Graw-Hill Book Company, New York, N. Y., and 
London, England, 1946. 466 pages, illustrated, 9 by 
58/4 inches, cloth, $5. Written from the viewpoint of 
the operating man rather than that of the design 
engineer, this book lays particular stress on the operat- 
ing problems of electric machines. The student is 
shown not only how to test his equipment, but also 
what tests to make in order to obtain quickly and 
accurately the requisite parameters from which he 
may compute the performance. Thus design formulas 
are avoided, while the experimental determination of 
the machine parameters is given full prominence after 
the theory is explained. Only those theories and 
experimental methods capable of being generalized 
are treated, and for directness the theory is developed 
from the standpoint of circuits, 


WAVE PROPAGATION IN PERIODIC STRUC- 
‘TURES. By L. Brillouin. McGraw-Hill Book 
Company, Inc., New York, N. Y., and London, 
England, 1946. 247 pages, illustrated, 81/2 by 51/4 
inches, cloth, $4. Based on lectures given at the 
University of Wisconsin, this volume includes a 
variety of problems having a common mathematical 
background. They extend from electrical engineer- 
ing to electromagnetism and wave mechanics of the 
spinning electron. The book includes explanations 
of electric filters, rest rays, anomalous optical re- 
flection, selective reflection of X rays or electrons from 
a crystal, and omission of energy dissipation. 


UNDERSTANDING MICROWAVES. By V. 

Young. John F. Rider Publisher, New York 16, 
N. Y., 1946. 385 pages, illustrated, 83/4 by 51/2 
inches, cloth, $6. This book explains the funda- 
mental problems encountered in the field of ultrahigh 
frequency research and production and how they are 
surmounted—problems met in the design and opera- 
tion of wave guides and coaxial lines; resonant 
cavities as they function in the magnetron, the dyna- 
tron, and the klystron; the theory and design of 
antennas used in conjunction with the transmission 
and reception of microwaves. The underlying 
electromagnetic and electrostatic theories are <inter- 
preted in the early chapters. Section II contains 
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ORGANIZED LABOR AND PROE DUCTI 
By M. L. Cooke and P. Murray. Revised edi 
Harper and Brothers, New York, N. Y., and L 
England, 1946. 277 pages, illustrated, 83/, "by. 
inches, cloth, $2.50. A prominent expert 
management and the head of a leading | union join in 
setting forth what they both believe is a basis for 
greater collaboration among employers and org niz ed 
workers to assure greater production under 
of employment. The book covers the responsibili 
and activities of both labor and management and 
discusses some of the eucsponaiie Practices of both. ov. 


METALLIC CORROSION, PASSIVITY AND _ oy 
PROTECTION. By U. R. Evans. Appendix by 
A. B. Winterbottom. Longmans, Green and Com- 
pany, New York, N. Y., 1946. Revised edition, 
863 pages, illustrated, 9!/xby 5%/s inches, cloth, $14. 
The material in the new edition has been rearranged 
with considerable addition of recent developments. 
The first two chapters present simple examples of 
corrosion and passivity and a study of thin films. 
Corrosion under varying conditions, such as with and 
without oxygen, is described in succeeding chapters, 
followed by a discussion of the influence of stress, 
structure, crevices, and the like. Four chapters are 
devoted to protection by various methods, and the 
book ends with a section on testing. Each chapter 
is divided into three parts: the scientific basis; the 
technical aspects including practical problems; and 
the mathematical, or quantitative, treatment. 


PAMPHLETS eee 


The following recently issued pamphlets may be 
of interest to readers of ‘‘Electrical Engineering.” 
All inquiries should be addressed to the issuers, 


How to Use Carbon Tetrachloride Safely: 
Tips to the Foreman. Safety Research 
Institute, Inc., 420 Lexington Avenue, New 
York 17, N. Y., single copies, five cents. 
Quantity prices will be quoted. 


The Action of Embeco in Concrete and 
Mortars (second edition). The Master 
Builders Company, 7016 Euclid Avenue, 
Cleveland 3, Ohio, 34 pages, no charge. 


Celanese Synthetics for the Electrical In- 
dustry, Celanese Plastics Corporation, 180 
Madison Avenue, New York 16, N. Y., 20 
pages, no charge. 
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4 “The afluente of the Concentration and 


Mobility of lons on Dielectric Loss 


of Insulating Oils 


a 


BUN PO KANG 


ASSOCIATE AIEE 


_ Synopsis: The causes of dielectric loss in 
_ insulating oils and the means to reduce it 
to a minimum have always been important 
in high voltage engineering. In this study 
the relationships between the amount of 
impurities, which furnish a source of free 
ions in an oil, and the viscosity, which in- 


. fluences the mobility of the ions, on the 
one hand and the dielectric loss on the other 


are investigated. The results present some 
definite relationships between them and 
point out that in two oils of the same 
“electrical purity,’ the one with higher 
viscosity will have lower dielectric loss. 


INCE. DIELECTRIC LOSS -is a 

matter of primary importance in 
high voltage insulation, many phases of 
the phenomenon have been a subject of 
frequent discussion among high voltage 
engineers. In liquid dielectrics, such as 
mineral oils which are used extensively 
for transformer and cable insulations and 
for many other purposes, the loss has 
been found to be caused largely by ionic 
conduction.!:2 In a few cases, dielectric 
absorption caused by molecular polari- 
zation has been found to be present also.! 
However, polarization in oils resulting in 
an absorptive component of dielectric 
loss seldom appears significant. 

In the study of the nature of and the 
mechanism that causes. dielectric loss 
in oil, where the loss is due to ionic con- 
duction alone, there are two important 
factors which merit investigation. In 


order to have ionic conduction, the oil 


must possess ions, and the ions must be 
free to move. If the ion content of an 
oil is constant, the dielectric loss should 
vary inversely as the viscosity. It has 
been found that within a limited rage of 
temperature, this relation holds true, 
and the product of the conductivity and 
the viscosity of the oil is approximately 
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a constant. This product has been 
suggested as a measure of the free ion 
content, which has also been termed the 
“electrical purity” of the liquid.’ 

Under constant electric stress, the 
dielectric loss for liquids without sig- 
nificant dielectric absorption is propor- 
tional to the conductivity of the liquid. 


dA E? 


W= a (1) 


where 


A is the area of electrode in square centi- 
meters 

L is the electrode separation in centimeters 

E is the applied potential in volts 

d is the conductivity in mhos per centimeter 

W is the dielectric loss in watts 


Since in the cases of ionic conduction the 
conductivity should be directly propor- 
tional to the ion content, it follows that 
the ion content also should be propor- 
tional to the product of the viscosity and 
the dielectric loss. However, this is not 
always borne out by experiment except 
within a very small range of temperature. 
If the range of temperature be extended, 
the ion content is found to increase with 
temperature. Apparently this is caused 
by thermo-agitation, which in turn causes 
further ionic dissociation and the gen- 
eration of new ions within the oil.4 

For the same degree of purification, 
the dielectric loss is invariably lower in 
an oil of highe: viscosity. Even though 
the amount of impurity and the number 
of ions present in two different oils may 
be identical, the mobility of the ions is 
much greater in the oil of lower viscosity 
and consequently the conduction current 
is higher. 

Since it is not only interesting but use- 
ful to know the relationships between 
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the concentration and mobility of the 
ions of an insulating oil on the one hand 
and dielectric loss on the other, it is the 
purpose of this work to establish a corre- 
lation between them. 


The Experiment 


Three original oils, designated as oil 
sample 1, oil sample 6, and oil sample 7, 
were used. Samples 1 and 7 were highly 
refined oils furnished by well-known re- 
fineries, sample 1 being of low viscosity 
and sample 7 being of high viscosity. 
Sample 6 was an oil known to be highly 
susceptible to oxidation and was sub- 


_ jected to severe oxidation at 150 degrees 


centigrade under atmospheric condition 
for seven days. Oil samples 2 to 5 were 
mixtures of samples 1 and 6 (by weight) 
at 10, 25, 50, and 75 per cent, respectively, - 
of oil 6. Oil samples 8 to 11 were mixt- 
ures of oils 7 and 6 in similar percentages. 

For the measurements of viscosity 
and dielectric loss, these samples were 
classified into two groups. Group A, 
oil samples 1 to 6, consisted of the low 
viscosity samples, and group B, oil 
samples 7 to 12, consisted of the high 
viscosity samples. Samples 6 and 12 
were, the same oil. 

Viscosity measurements were made 
with a standard Saybolt viscosimeter. 
The 60-cycle power factor measurements 
were made with an Atkinson bridge.® 
The samples were measured in a nickel 
cell with an electrode area of 40.742 
square centimeters and a distance of 
separation of 1.27 millimeters at a voltage 
stress of 197 volts per millimeter. The 
values of dielectric loss given on the 
following figures are the total loss of each 
specimen under test. If the loss per 
centimeter cube is desired, these values 


Paper 46-110, recommended by the AIEE com- 
mittee on basic sciences for presentation at the 
AIEE summer convention, Detroit, Mich., June 
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Sample 40 C 60 C 
Le vebelcsre as Capacitance ...... — cee eee 66.7 
leeone tuned Power factor ...... SIS ado 0.18 
1 bey reel ae eae Dielectric loss...... a OE ICCB. 2.9 
Pe ara Capacitance ...... OTs 7 Mv ateyainse 67.2 
Us shee ap Power factor ...+.. ONOGrrctete 1.59 
Daur hele Dielectric loss...... Bi Slates 25.2 
Siew ute ee Capacitance ...... G86 yaw 67.9 
Sonnet stes Power factor ...... OE S235 ire 6 2.58 
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Viscosities of the Oil Samples at Different Temperatures 
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Capacitance is given in micromicrofarads, power factor in per cents, and dielectric loss in microwatts. 


must be multiplied by a factor of 0.00312, 
which is the ratio of L/A, where L is 
the distance of separation and A is the 
effective area. The voltage stress was 
kept low to utilize the linear portion of 
the well-known current-voltage relation 
curve. For group A, the low viscosity 
oils, readings were taken at 40, 60, 80, 
100, and 120 degrees centigrade for each 
sample, and for group B, the high viscos- 
ity group, readings were taken at 60, 80, 
100, 120, and 150 degrees centigrade. 


Experimental Results 


The specific gravity temperature rela- 
tions of the three original oil samples 
are given in Figure 1. The specific 
gravity of each of the mixtures at various 
temperatures can be computed easily 
from these curves by the use of the fol- 
lowing relations: 


_ pipe(Wi+ W,) (2) 
ye nk DAE TELL 
piW.+p.Wi 
where 
fi, p2 represent the specific gravities of the 
components 
pz represents the specific gravities of their 
mixture 
Wi, W2 represent the weights of the com- 
ponents 
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After converting the viscosity readings 
at different temperatures for each sample 
from Saybolt seconds into poises, the 
results were given in Table I. To follow 
the more customary way of representing 
relationships of this kind, the logarithm 
of viscosity was plotted against the re- 
ciprocal of the absolute temperature in 
Figures 2 and 3. It is quite obvious that 
the relationship is essentially logarithmic. 
However, none of the curves is exactly a 
straight line but only very near to one. 

The values of power factor and di- 
electric loss for each mixture at different 
temperatures are given in Table II for 
group A, and Table III for group B. 
Figure 4 gives the relations of the loga- 
rithm of dielectric loss as a function of the 
reciprocal of absolute temperature. Sev- 
eral of these curves are essentially straight 
lines and others are quite near to straight 
lines within limited range of temperatures. 
These relations may be expressed as 


B 


W=A —T (3) 


where 
W is dielectric loss in microwatts 


T is temperature in degrees Kelvin 
A and B are constants 
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Figure 1. The variation of specific gravity 


with temperature of the original oil samples 
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Figure 2. The viscosity-temperature charac- 

teristics of the oil samples in group A, 7 being 

viscosities in poises, T being temperatures in 

degrees Kelvin, and numbers designating the 
oil samples 


which are similar to the expression used 
by Fuoss for the relation between con- 
ductivity and temperature.® 


Dielectric Loss and 
Viscosity Relation 


Based on the curves of Figures 2, 3, 
and 4, a relationship between viscosity 
and dielectric loss of each sample can be 
established. Figure 5 presents clear evi- 
dence that the relation is logarithmic, 


log W=A —B log n (4) 


The curves are approximately straight 
lines within reasonable allowance for 
experimental error, and each group of 
samples appears to have a constant slope 
of its own. These results confirm the 
prediction of other workers in this field.4 
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‘the pertes of eel eticented 


curve ae ais oe increase ‘of jon’ con- 
“tent of the specimen by adding a larger 
- of deteriorated oil. Since the de- 


> 


é viscosity than sample 1, upon addition 
¥ fof: sample 6, the viscosity of the mixture 
_ increases rapidly. Even though the ion 
- content continues to increase, the mo- 
of these ions is greatly reduced by 
at the increase in viscosity. After reaching 
-acertain point, the viscosity becomes so 
high that even though the ion content 
continues to increase, the mobility of the 
ions diminishes rapidly and the dielectric 
loss decreases again. 

Based on these curves, if one assumes 
that the ion content N is equal to the 
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Figure 3. The viscosity-temperature charac- 

teristics of the oil samples in group B, 7 being 

viscosities: in poises, T being temperatures in 

degrees Kelvin, and numbers designating the 
oil samples 
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but pe one oo a certain point, 


_ in Figure 6 all curves in group A should 


d oil, sample 6, has much higher — 


,.Capacitance ... ree é ‘71. ON rete 
..Power factor . 


12... oe ee ne Dielectric ieee 


j ; ( 
Capacitance i is given in ‘micromicrofarads power Hovegi in per cent, and dielectric: loss i in 


: 1 ’ 
product of viscosity 4 and dielectric 
loss W, mathematical analysis shows that 


pass through a maximum, but not the 
curves in group B. This is found to be 
true. However, because of the fact that 
sludges and other solid impurities might 
have been formed in oil 6 because of oxida- 
tion, the viscosities of the mixtures did 
not follow exactly the relation usually 
used for computing the viscosity of mix- 
tures of nonpolar liquids. = 


1 XxX 1-X ; 

oe (5) 
Ne 71 N2 

where 


My 12, Nz are viscosities of the components 
and the mixture 


i 
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Figure 4. The variation of dielectric loss 

with temperature, loss being given in micro- 

watts, temperature in degrees Kelvin, solid 

lines for oils in group A, and dotted lines for 
oils in group B 
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X, is the percentage of the 
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viscosity 71 


=. 


_ The theoretical values are lower i in com- — = 
parison with experimental data. Based on 
theoretical considerations, one can show 

that the maximums of dielectric loss occur 


when ; 
: f Mi ‘ 
m1 4 ) 7 
=——— ©) 
2(m—n2) : : ; 
provided is not equal to m2. The 


experimental values deviated from this 
prediction somewhat because of the high 


viscosities obtained. However, the gen- 


eral shapes of the curves support very 
well the assumption that 


=— (7) 


In group B, both samples 6 and 7 have ; 


approximately ‘the same viscosity; in 
fact, the viscosity of sample 6 is a little 
lower than the viscosity of sample 7, and 
consequently the increase of the per- 
centage of deteriorated oil increases both 
the concentration and mobility of the 
ions, and the conduction current and 
dielectric loss also are increased. 

In a limited range of temperature 
within which new ions are not generated 
by thermo-agitation in the oil, the di-, 


electric loss should be proportional to the 


percentage of deteriorated oil added if 
the viscosity of the mixture is kept con- 
stant. This is found to be true for 
samples of higher viscosities according 
to Figure 7, curves B and C. In this 
group the viscosities of the two compo- 
nents were only slightly different, and 
the temperature differences were small 
when the samples were brought to the 
same viscosity. Consequently, thermal 
effects may be considered negligible. 

If the viscosities of the two components 
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Figure 6. The variation of dielectric loss 

with percentage of deteriorated oil added at 

various temperatures, solid lines representing 

oils in group A and dotted lines, oils in 
group B 
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DIELECTRIC LOSS— MICROWATTS 
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PERCENTAGE OF 
DETERIORATED OIL ADDED 
Figure 7. The influence of deteriorated oil 
on dielectric loss at constant viscosity for 
high viscosity mixtures 


Curve A at 0.15 poise, curve B at 0.2 poise, 
and curve C at 1.0 poise 
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Figure 8. The influence of deteriorated oil 
on dielectric loss at constant viscosity for low 
viscosity mixtures 


Curve A at 0.08 poise, curve B at 0.15 poise, 
and curve C at 0.2 poise 
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Figure 9. The variation of ion content with 
temperature, solid lines representing oils in 
group A and dotted lines, oils in group B 


of the mixture are greatly different, the 
dielectric loss does not follow the per- 
centage of deteriorated oil added. Figure 
8 shows this relation. The increase in 
temperature required to bring the heavier 
oil to the same viscosity causes thermo- 
agitation and results in furthur ionic dis- 
sociation in the oil, principally from the 
impurity content, which accounts for the 
unusually rapid rise of dielectric loss at 
the higher percentages of the added de- 
teriorated oil.” 
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ae concentration of ions in tre 
sets of curves are plotted in Figur 
using ion content as a function of 1 
perature for each mixture. The values of 


ion content for different samples are taken - 
as that which was suggested by White- | 
head, namely, the product of conduc- | 


tivity and viscosity.8 For want of a 


suitable unit to express ion content, these — 


values are expressed in poise-watts. In 
these particular cases, dielectric loss is 
used instead of conductivity. As it has 
been seen in equation 1 that for a constant 
value of applied voltage, the dielectric 
loss is a linear function of conductivity. 
The curves will have the same slope 
whether dielectric loss or conductivity is 
used as the ordinate. If the temperature 
rise should have no effect on the ion con- 
tent, these two sets of curves ought to 
be horizontal lines. In the actual cases 


the curves are found to rise with tem- 


perature, having almost similar constant 
slopes for each group, Based on the 
average slope of these curves, the rela- 
tions may be expressed in the equation 


lo Mb 0O08T (8) 
cn. : 


where 


NV; is the ion content at temperature 1 

N2 is the ion content at temperature 2 

T is the difference in temperature in degrees 
Kelvin 


In a more general form, this expression 
may be written as 


No= Nye? 
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relays. 
- vantages of instantaneous circuit breaker 


_ Synopsis: This paper describes a new tim- 
_ ing relay for controlling relaying time on 


automatically reclosed circuit breakers on 


_ which inverse-time overcurrent relays are 


supplemented by instantaneous overcurrent 
This device incorporates the ad- 


opening on the first, and in some cases the 
to obtain co-ordination with branch or sec- 


tionalizing fuses. It was designed for uni- 
versal application on feeder circuits of the 


- Oklahoma Gas and Electric Company sys- 


tem. Certain features which provide for 
optimum service reliability were incorpo- 
rated in the design. 


EY. THOUGH all possible protective 
measures of prevention have been 


~ taken in the design of overhead circuits, 


faults, the majority of which are transi- 
tory in nature, still will occur. In order 
to minimize damage to equipment and 
interruption to service, the faulted sec- 
tion must be isolated promptly from the 
rest of the system. Experience has shown 
that transmission and distribution cir- 
cuits, on which fault duration is limited 
to a maximum of 0.2 second, will seldom 
be out of service for long periods of time 


second, tripout to clear transient faults, and- 
inverse-time opening on subsequent tripouts 


A New Been Timing Relay cr 
P icing Outages on Power Circuits — 


FRANK S. DLOUHY 
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as a result of damaged insulators or 
burned conductors at the point of fault, 
except in peculiar cases of rare occurrence. 
Thus, the speed with which protective 
relays and circuit breakers operate to 
clear abnormal conditions has a direct 
bearing on service reliability. 

The practice of instantaneous tripping 
of the source breaker for a fault at any 
point on the circuit is, by definition, a 
protective measure of amputation. But, 
when supplemented by rapid automatic 
reclosing, its effect on the ultimate load 
entitles it to be classified as a protective 
measure of mitigation. It limits the oc- 
currence of permanent faults which are 
initiated by transient disturbances. In 
addition, it restricts branch or sectionaliz- 
ing fuse operation, where possible, to 
faults of a permanent nature, and thereby 
reduces long outages on branches or sec- 
tions of the circuit. Consequently, the 
realization of theadvantagesofinstantane- 
ous tripping supplemented by immediate 
initial reclosure has furnished an incentive 
for designing many ingenuous relaying 
schemes. 

Probably the most effective and cer- 
tainly the most economical method of 


securing high-speed relaying on circuit 
breakers serving multibranch fused cir- 
cuits is that of superimposing controlled — 


‘instantaneous overeurrent relays on in- 


verse-time overcurrent relays, and utiliz- 
ing immediate initial reclosure. This 


applies to the ground relay as well as the © 


phase relays on grounded neutral circuits. 
The instantaneous relays are set, where 
possible, to initiate circuit breaker clear- 
ing of faults at any point on the circuit. 
When these relays are utilized for the 
second as well as the initial tripout, inrush 
magnetizing current transients following 
the initial reclosure may place a minimum 
limit on the pickup setting. 

The co-ordination desired from this — 
type of protective scheme is protection 
to the entire circuit during the first, and 
in some cases the second, tripout, in order 
to give temporary faults, such as flash- 
overs resulting from lightning or momen- 
tary conductor contacts, an opportunity 
to clear before permanent damage occurs 
and before a branch or section is inter- 
rupted by fuse operation. Thus, in the 
case of faults which are cleared on the 
initial tripout, a momentary service inter- 
ruption is substituted for a long outage 
from damaged equipment or blown fuses. 
In effect, this momentary service interrup- 
tion is no more adverse than the voltage » 


Paper 46-80, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
South West District meeting, San Antonio, Tex., 
April 16-18, 1946. Manuscript submitted January 
22, 1946; made available for printing March 7, 
1946. 


FRANK S. Diouny is relay engineer, Oklahoma 
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This gives further substantiation that 
the ion content is a function of tem- 
perature. 

Following this indication, it suggests 
that if temperature should be kept con- 
stant, the value of ion content would be 
a definite function of the percentage of 
deteriorated oil added. Curves plotted 
using ion content as a function of per- 
centage of deteriorated oil added at each 
temperature are shown in Figure 10. 
These curves show definitely that the 
ion content is a linear function of the 
percentage of deteriorated oil added 
when temperature is reduced to a 
constant. 


Conclusion 


This study shows that 


1. Provided there is no dipole loss, the 
relationship between the dielectric loss W 
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and viscosity 7 of an insulating oil may be 
expressed as 


log W=A—B log n 


which points out that the mobility of ions 
is an important factor in dielectric loss of 
an insulating oil. 


2. Thermo-agitation, which causes further 
dissociation of the oil, increases dielectric 
loss by increasing the number of ions 
present. 


3. Dielectric loss is increased rapidly by 
the addition of deteriorated oil. This bears 
out that dielectric loss is a function of the 
concentration or content of free ions in the 
oil. 

4. An increase in concentration of ions in 
an oil may result in an actual decrease in 
dielectric loss if the viscosity is increased 
to the point where the mobility of the ions 
is decreased relatively more than the ion 
concentration is increased. 

5. If nonpolar oils of the same degree of 
“electrical purity’? are used for the low 
frequency or 60-cycle applications where 
the flow of the liquid is not important, it 
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is seen that an oil of higher viscosity is 
preferable from the standpoint of lower 
dielectric loss. 
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disturbance created by a longer clearing 
time of afuse. When instantaneous relay 
protection is also utilized on the second 
tripout, the time interval between the 
initial and the second reclosure should be 
made as short as the imposed circuit 
breaker duty will permit in order to 
minimize outage time. Thus, in the case 
of transient faults which are not cleared 
initially but disappear on the second trip- 
out, a 30- to 60-second service interrup- 
tion is substituted for a probable long 
outage on some portion of the circuit. 

To provide backup protection and 
selectivity between the circuit breaker and 
the branch or sectionalizing fuses in the 
event of a permanent fault, the instan- 
taneousrelays must be removed from serv- 
ice prior to the initial, or in some cases 
the second, reclosure, and the inverse- 
time relays depended upon for subsequent 
tripping. Through time-magnitude co- 
ordination, the inverse-time relays will 
permit branch or sectionalizing fuses to 
clear the faulted section before initiating 
breaker operation for backup protection. 
Where sufficient co-ordination can be 
realized, these relays are seldom called 
upon to clear a fault. 

Also, in the event of punctured insula- 
tors or lightning arresters, the prolonged 
arcing time secured on the inverse-time 
relays may produce additional damage 
and perhaps shatter the faulty equipment. 
This will permit the fault to be more 
easily located by patrolmen. 

Once removed from service, the in- 
stantaneous relays should be held in- 
operative for a definite time after a re- 
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(SEE FIG. 2.) 


closure as assurance that the fault was 
not permanent; otherwise, in the absence 
of selectivity a lockout of the circuit 
breaker will occur, resulting in a needless 
long outage on the entire circuit. To ac- 
complish this, a preset time delay must be 
interposed between each reclosure and re- 
establishment of the instantaneous re- 
lays. This reset timing is as important in 
preventing long outages as the instan- 
taneous relays themselves. It should be 
the minimum time necessary to determine 
a successful reclosure in order to provide 
instantaneous relay protection against 
the contingency of rapidly recurring tran- 
sient faults. 

It is apparent from the foregoing that 
an auxiliary device capable of the follow- 
ing functions is required: 


It must remove the instantaneous relays 
from service prior to the initial, and in some 
cases the second, reclosure. 


It must hold them inoperative until a suc- 
cessful reclosure is assured and then rein- 
state them to re-establish initial conditions 
for future disturbances. 


Description of the Timing Relay 


In view of the fact that a device fulfill- 
ing the foregoing requirements was not 
available and that existing methods of 
changing relaying time have certain un- 
desirable features, an electronic timing 
relay was designed for universal applica- 
tion with relaying schemes utilizing in- 
stantaneous and inverse-time overcurrent 
relays. Briefly, it consists of an assembly 
of two telephone type relays, a thyratron 
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TO TRIP CIRCUITS 


Figure 1. Schematic 

diagram of the elec- 

tronic timing relay 
assembly 


i 

2 
3 
4 


a 


LS SWITCH 


timing tube, and associated electronic 
control components mounted in a small 
drawout case. Figure 1 is a schematic 
diagram of the assembly in which: 


Thyratron GT is a gas tetrode, similar to 
type 2050, operated as a negative control 
tube. Its operation is discussed under 
“Theory of the Timing Circuit.” 


Relay QA is a telephone type electric-inter- 
locking relay. It consists of two quick- 
acting relays mounted as a unit with their 
armatures mechanically interlocked. When 
lockup relay QA-O is energized, its armature 
latches and holds its contacts in the operated 
position until the release relay QA-R is 
energized to trip the latch. The release re- 
lay QA-R does not latch, but drops out when 
it is de-energized. Since these relays are 
pulse operated through their own contacts, 
a filter consisting of capacitor Cy in series 
with resistor Rp is shunted across each coil 
to assure positive operation. 


Relay FA is a telephone type a-c relay 
operated as an equivalent circuit breaker 
auxiliary switch. Its unoperated position 
corresponds to the closed position of the cir- 
cuit breaker. 


Lever Switch LS is a double-pole double- 
throw selector switch which provides the 
selection of either one or two instantaneous 
relay operations. 


Transformer T is a voltage dropping trans- 
former for supplying the heater of the thyra- 
tron. 


Other components: Resistors Ry and Rg 
aremerely current limiting resistors. Capac- 
itor Cg provides protection against high 
voltage transients. The functions of the 
other components are discussed with refer- 
ence to Figure 3 under ‘‘Theory of the Tim- 
ing Circuit.” 


To avoid confusion, the graphical sym- 
bols used in all the diagrams are, insofar 
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Figure 2. Location 
‘of electronic timing 
relay contacts in 
breaker tripping cir- 
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as possible, those recommended by Ameri- 
can Standards Association. Device con- 
tacts are shown for the de-energized or un- 
. operated position of the device. All tube 
voltages are referred to the equipotential 
cathode. Instantaneous values of varying 
electrical quantities are represented by 
lower case letters, and their peak values 
by capital letters. Where possible, sub- 
scripts are chosen so as to be indicative of 
that portion of the circuit to which they 


apply. 
Theory of the Timing Circuit 


The basis of the timing relay design is 
the electronic timing circuit shown sche- 
matically in Figure 3, in which timing 
action is obtained by grid amplitude bias 
of the gas tetrode GT, acting as an inertia- 
less circuit closing or opening device in 
series with relay QA. 

An alternating voltage e, of commercial 
frequency is impressed between L1 and 
L2, and the tube heater circuit is energized 
from a filament transformer (not shown). 
The fixed resistors R, and R, in series 
with potentiometer P form a voltage 
divider circuit for controlling the poten- 
tial applied to the control grid G1. With 
switch .S1 open and switch S2 closed, uni- 
directional pulsating electron current 
flows from the cathode K to the grid Gl 
during the half cycles in which L1 and the 
grid are positive with respect to L2 and 
the cathode. As a result of this recti- 
fication, a charge of the indicated polarity 
will accumulate in the timing capacitor 
Cr and which will be maintained as long 
as switch Sl is open. Also, with switch 
S1 open, the cathode K is connected. 
through resistor Rx to line L2 and is 
approximately at the same potential as 
the anode P; consequently, no electron 
current flows from cathode to the anode 
to energize the relay even though switch 
S2 is closed. 
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Figure 3. Schematic 
diagram of the elec- 
tronic timing circuit 


When switch S1 is closed, the cathode 
is connected directly to line £1 which 
impresses voltage e, across the anode- 
cathode circuit and superimposes an 
alternating voltage eg (in phase with the 
anode voltage) on the negative grid bias 
voltage Epc of the timing capacitor Cy. 
The alternating component eg of the grid 
bias voltage e, tends to drive the grid 
positive at the same time the anode is 
positive; however, the tube does not 
conduct between cathode and anode until 
the grid bias voltage e, is equal to or more 
positive than the critical ionization value 
determined from the tube’s control char- 
acteristic. 

The instantaneous relationship of the 
anode. and control-grid voltages is shown 
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graphically in Figure 4, in which time is 
reckoned from the instant switch S1 is 
closed, and the alternating voltages are 
zero and increasing in the positive direc- 
tion. It is apparent from this graphical 
representation that the magnitude of the 
grid bias voltage is a time function of both 
the unidirectional component ég¢ and the 
alternating component eg and defined by 
the equation 


ec =Croteg (1) 
in which 


—t 
& Rre 
€nc=LEprce ** 


(2) 


is the solution of the differential equation 
defining the time-voltage characteristic of 
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capacitor Cp discharging through resistor 

Rr, where 

Epc =potential difference across Cr at the 
time discharge is initiated (¢-=0) and 
is approximately equal to E,—Eg if 
Re+Rz is small in comparison with 
Rr 

Cr=capacitance in farads 

Rr=resistance in ohms 

i=time in seconds from initiation of dis- 
charge 

€=base of natural logarithms (2.718 . . .) 


Solving equation 2 for time gives 


Ere 
ere 


t=RpCrp loge (3) 


from which the time required for Ep, to 


t=O 


POSITIVE 


_ NEGATIVE 


Figure 4.. Instantaneous relationship of 
anode and control grid voltages 


decay to a desired value of egg may be 
calculated. 

Since the values of the timing capacitor 
C, and discharging resistor Rv are fixed, 
the time constant is fixed and the time 
range is determined by the setting of the 
potentiometer P and the relative values 
of the components in the voltage divider 
circuit. The upper end of the potenti- 
ometer determines the minimum peak volt- 
age to which the timing capacitor charges 
before initiation, the maximum peak volt- 
age of the grid bias component after ini- 
tiation, and therefore the minimum time 
delay between initiation and energization 
of relay. Conversely, the lower end of 
the potentiometer determines the maxi- 
mum peak voltage to which the timing 
capacitor charges before initiation, the 
minimum peak voltage of the grid bias 
component after initiation, and thus the 
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maximum time delay between initiation 
and energization of relay. 

After expiration of a preset time delay, 
the tube “‘fires’’ and conducts current in 
the anode-cathode circuit during the half 
cycles in which the anode is positive with 
respect to the cathode, energizing relay 
QA and charging the filter capacitor Cp. 
The relay is held in during the noncon- 
ducting half cycles by the energy stored 
in the filter capacitor. Thus, the relay 
will remain picked up until the anode—- 
cathode circuit is opened by switch S1. 
Opening switch S1 re-establishes initial 
time (¢=0) conditions. By properly co- 
ordinating the circuit components, the re- 


SWITCH S| CLOSED 


TIME DELAY 


\! 


set time requires only a few cycles, after 
which the timing cycle may be repeated. 

By merely reversing the sequence in 
which switches S1 and S2 are operated, 
essentially instantaneous energization of 
relay QA is obtained. With switch S2 
open and switch .S1 closed, the peak volt- 
age to which timing capacitor Cp charges 
is approximately equal to the peak voltage 
of the alternating grid bias component, 
so that the grid is approximately at 
cathode potential during the positivepeaks 
of the alternating grid bias component. 
That is, Egg is approximately equal and in 
phase opposition to Eg; consequently, 
after switch S2 is closed, ionization will 
occur on or near the first positive peak of 
eq. 


External Connections 


The timing relay is operated from any 
120-volt a-c source connected across ter- 
minals 1 and 2, and it is controlled through 
a contact of the circuit breaker auxiliary 
switch (152) connected between terminals 
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TUBE CONDUCTS 


land 3. These connections are indicated 


‘on Figure 1 by the broken lines. In a 


majority of cases the timing relay may be 
controlled directly from the circuit breaker 
indicating light or alarm circuits since 
the only requirement is energization of 


relay FA when the circuit breaker is — 


open. 

Contacts QA1, QAs, and QA; brought 
out on terminal 4-5, 6-7, and 8-9 are con- 
nected into the circuit breaker tripping 
circuit as shown in Figure 2. Only one 
of these contacts is required for multi- 
phase potential or shunt trip methods (4 
and B of Figure 2), since the contacts of 
all the instantaneous overcurrent relays 


TUBE VOLTAGE DROP 
-. oe , 


m 
v 


@c= Eg sinwt 


are paralleled and actuate a single trip 
coil. But, in the case of multiphase cur- 
rent or series trip methods (C and D of 
Figure 2) a separate contact for each in- 
stantaneous overcurrent relay is required, 
since these actuate separate tripping ele- 
ments. 

Contact QA brought out on terminal 
10 may be used for initiating an alarm or 
operation counter. 


Operation for One Instantaneous 
Tripout 


Where instantaneous relay protection 
on the initial tripout with inverse-time 
relay protection on subsequent tripouts is 
desired, lever switch LS is set in the un- 
operated “‘off”’ position as shown in Figure 
1, in which position the timing relay is 
set up for immediate operation to open the 
trip circuits of the instantaneous relays 
prior to the immediate initial circuit 
breaker reclosure. 

When the circuit breaker opens, auxil- 
iary switch contact 152 closes and ener- 
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gizes relay FA 


. "x , ‘A - ; 


circuit through contact FA,, and tube 
conducts immediately to energize lockup 
relay QA-O. Asaresult: The trip circuits 
of the instantaneous overcurrent relays 
are opened by contacts QA,, QA», or 


QA;; lockup relay QA-O is de-energized 

(but not released) by contact QAs;_ re- 
lease relay QA-R is connected into the 
_ anode circuit by QAs; and the cathode is 


opened by contact QA,, allowing timing 


y capacitor Cy to charge for reset timing. 


All of which occurs within 0.05 second 
after the circuit breaker trips. This 
operating time provides definite assurance 


_ that the instantaneous overcurrent relays 


are inoperative in advance of immediate 


- circuit breaker reclosure, since the average 


operating time from initiation of tripping 
to reclosure of circuit breakers, such as 


_ employed for feeder service, ranges from 


about 0.5 to 1 second. 

On reclosure of the circuit breaker, 
auxiliary switch contact 152 opens and 
de-energizes relay FA. This closes the 
cathode circuit through contact FAi, and 
the tube conducts after a preset time- 
delay to energize release relay QA-R 
which releases lockup relay QA-O. Asa 
consequence, the timing relay will reset 
to re-establish initial conditions if the cir- 
cuit breaker remains closed through a 
timing cycle. However, in the case of 
faults which are not cleared on the initial 
tripout, the circuit breaker will be tripped 
by the inverse-time overcurrent relays, 
and the timing relay will remain in its 
operated position to maintain inverse- 
time tripping until the circuit breaker is 
successfully reclosed. The reset time de- 
lay should be the minimum necessary to 
co-ordinate with the circuit breaker clear- 
ing time on the inverse-time overcurrent 
relays, in order to provide instantaneous 
relay protection against the contingency 
of rapidly recurring faults. 
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Operation for Two Instantaneous | 
Tripouts 1 


Where instantaneous relay protection 
on the second, as well as the first, tripout 
is desired, lever switch LS is set in the 
“on” position, so that contacts LS, and 
LS3 are open, and LS; and LS, are closed. 
In this position the timing relay is set up 
for time-delay operation, since when the 
cathode circuit is open through contacts 
FA; and QAz, timing capacitor Cp is pre- 
charged for timing action. 

When the circuit breaker opens, auxil- 
iary switch contact 152 closes and ener- 
gizes relay FA which closes the cathode 
circuit, but the tube does not conduct 


_ until after the preset time delay. If the 


immediate initial reclosure is successful, 
relay FA is de-energized, and initial con- 
ditions are re-established. However, if 
the fault is not cleared initially, this time 
delay allows the circuit breaker to be 
tripped again by the instantaneous over- 
current relays. 


In the case of faults which are not 
cleared on the second tripout, the tube 
“times out”’ and then energizes lockup re- 
lay QA-O. Asaresult: The trip circuits 
of the instantaneous overcurrent relays 
are opened by contacts QA1, QA, or QA3; 
lockup relay QA-O is de-energized (but 
not released) by contact QAs5; release 
relay QA-R is connected into the anode 


circuit by contact QAs; and the cathode 


circuit is opened by contact QA; which 
permits timing capacitor Cp to charge for 
reset timing. All of which occurs prior 
to the second reclosure, so that subse- 
quent tripping of the circuit breaker is 
initiated by the inverse-time relays. 

Following a successful reclosure, the 
timing relay will reset in a manner similar 
to that described under “‘Operation for 
One Instantaneous Tripout.”’ 
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Since the timing adjustment (potenti- 
ometer P) is common to both operation 
and reset, it must be such that the pre-_ 
ceding requirements are fulfilled. In 
some cases, it may be desirable to have 
less time-delay on reset than on operation, 
and this is accomplished by short-circuit- 
ing a section of the timing capacitor dis- 
charging resistor as shown by the dotted. 
connection of contact QAjo across resistor, 
Ry. in Figure 1. The reverse can be ac- 
complished by making QAjo a normally 
closed contact. 


Conclusions 


The most salient features of the timing 
relay are» 


1. Universal application regardless of cir- 
cuit breaker mechanism or method of con- 
trol. 


2. Selection of either one or two instantane- 
ous tripouts. 


8. Independent of the control source volt- 
age during fault conditions. 


4. Reset timing independent of reclosing 
relay. 


5. Ease of installation. 


The initial installation of this equip- 
ment was made February 1945 on a 
breaker serving a high exposure 24-kv 
grounded Y circuit. As a result long 
time outages previously experienced on 
this circuit practically have been elimi- 
nated. 

Sixty similar installations will be made 
on the Oklahoma Gas and Electric Com- 
pany system during 1946. 

With certain changes in the internal 
wiring, this device can be converted into 
an instantaneous or time-delay “‘one-shot”’ 
recloser with quick reset on a successful 
reclosure. 
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Silicone-Resin-Treated Magnet Coils 


GRAHAM LEE MOSES 


MEMBER AIEE 


AGNET COILS present somewhat 
different insulation problems from 
rotating machines. This was recognized 
when separate magnet coil standards'~* 
were set up by AIEE, National Electrical 
Manufacturers Association, and Ameri- 
can Standards Association which permit 
higher maximum observable tempera- 
tures than do.the rotating machine 
standards. AJEE Standard 1 states, 
“How long an insulation will last will de- 
pend not only on the class of material 
used but also upon the physical support 
of the insulation and the severity of the 
physical forces tending to disrupt it.” 
Following this line of reasoning, AIEE 
Standards 15 and 16 permit higher ob- 
servable temperatures on magnet coils 
as shown in Table I. Work by Erikson‘ 
indicates the desirability of separate con- 
sideration of magnet coils and suggests 
the possibility of higher operating tem- 
peratures even with organic insulation. 
This distinction became more pro- 
nounced with the development of silicone 
insulation. Magnet coils were therefore 
considered as a special study. of the basic 
work previously reported®.§ on the general 
application of silicone varnishes to elec- 
tric machinery. The test on coils was 
planned with the view of determining: 


(a). The temperature—life relationships of 
the silicone varnish. 


(b). The maximum operating temperatures 
of magnet coils for normal life expectancy. 


(c). The effect of aging at various tempera- 
trtes on the thermal conductivity of the 
assembly. 


(d). Design advantages offered by higher 
temperature operation. 


Test Program 


Paralleling the motor test program’ a 
like series of tests was planned for magnet 
coils. Briefly this program consisted of 
operating coils at different temperatures 
to determine the thermal life expectancy 
of the coils. In order that these tests 


Paper 46-104, recommended by the AIEE com- 
mittee on industrial control devices for presentation 
at the AIEE summer convention, Detroit, Mich., 
June 24-28, 1946. Manuscript submitted Novem- 
ber 13, 1945, made available for printing April 11, 
1946. 


CraHAM LEE MosEs is section engineer, develop- 
ment insulation section, transportation and genera- 
tor division, Westinghouse Electric Corporation, 
East Pittsburgh, Pa.; JuL1us J. Torok is in the 
development department, Corning Glass Works, 
Corning, N. Y. 
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MEMBER AIEE ' 


might be useful and representative of 
standard practice, a commercial contactor 
and coil design were chosen. This is a 
conventional magnetic contactor for d-c 
control circuits which is widely used for 
industrial and railway service. The gen- 
eral construction is shown in Figure 1. 
All tests were run on this design of con- 
tactor in order that results obtained 
would be subject to direct comparison. 

The operating temperatures from 200 
to 275 degrees centigrade were chosen. 
The top limit was chosen because it was 
anticipated that at 275 degrees centi- 
grade failures by short-circuited turns 
would probably occur in a few weeks. 
Another factor limiting the test to 275 
degrees centigrade was the melting point 
of the solder (304 degrees centigrade) 
which held the coil leads to the terminals. 
Early estimates based on extrapolated 
curves for silicones indicated that 200 
degrees centigrade would be the maximum 
operating temperature resulting in the 
full life expectancy of the coils. Thus the 
tests were started with 12 coils, three each 
at 200, 225, 250, and 275 degrees centi- 
grade. 

The data desired were to be obtained 
by day to day operating temperature 
readings (by resistance), mechanical 
stressing by thermocycling and operating 
the contactors, periodic measurement of 
cold resistances to determine wire oxida- 
tion and possible short-circuited turns 
(indications of failure), notation of color 
changes of resin on surface, and power 
input. 


Coil, Design 


The coils tested were essentially a 
standard mechanical design to simulate 
normal conditions. They were wound 
with number 25 (0.0179 inch diameter) 
single glass covered copper wire (silicone 
varnish treated). Silicone wire enamel 
was not used because at that time the 
enamel development had not progressed 
far enough. All winding and insulating 
details were fiber glass and fiber-glass- 
backed mica (all bonded and treated 
with silicone resins). The spool was fabri- 
cated of fiber glass laminated tubes with 
a special resin bond (not silicone) and as- 
bestos phenolic end washers. At the time 
these coils were made, thermosetting 
silicone moulding resins had not been 
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developed to a usable state. The ter-— 
minals were soldered with a high tempera- — 
ture solder (304 degrees centigrade 4 
solidifying ‘temperature). No organic — 
materials such as paper, cotton tape, — 
string, glue, shellac, or varnish were used — 
in the coil construction. The complete — 
coil was treated by vacuum-pressure im- | 

| 


pregnation with DC-990-A silicone var- — 
nish, a product of Dow Corning Corpora- 
tion, at 70 per cent solids and baked for © 
24 hours at 225 degrees centigrade. This 
was followed by a dip in 50 per cent solids 
DC-990-A silicone varnish and baked at 
225 degrees centigrade for 16 hours. 

The following design data give signifi- 
cant details of the coils used for this — 
test: 


Spool—3!/, inches long by 15/z2 inches inside 
diameter by 3 inches outside diameter. 
Washers—1/8 inch thick. 

Double insulating tube construction, each 
1/16 inch thick. 

Magnetic core—11/s inch diameter. 

3,500 turns of number 25 wire having a re- 
sistance of 61 ohms (25 degrees centigrade). 
Winding volume—11.6 cubic inches. 


Barrel surface—25 square inches. 


Test Procedure 


The coils were connected to a 120-volt 
d-c motor generator set through variable 
nichrome resistors. Thus the current in 
each coil could be controlled without af- 
fecting the others. 

The general testing procedureis detailed 
in Appendix I. Volt-ampere readings 
were taken every day, after which the 
coils were switched on and off ten times. 
Approximately once every week the cool- 
ing curves were ruin to check the hot volt- 
ampere resistance readings of each coil. 
The coils were then left off overnight and 
then cold resistance readings made the 
following morning, and the coils again 
energized, 

Changes were made periodically to cor- 
rect the test conditions for increases in 


Table |. Comparison of Permissible Tempera- 
ture Rise and Observable Temperature for 
Magnet Coils and for General Purposes 


= 


Equivalent Maxi- 
mum Observable 


Maximum Permissible Temperature,* 


Temperature Rise by Deg C 
Resistance, Deg C 
a Mag- 
Magnet net 
Class General! Coils? General! Coils23 
Bo arcane GO mame Boi Cancer LOOP ent 125 
AS ee 8 SO Xen a teas LOSI cee PLU ea 145 


* Rise plus 40 degrees centigrade as maximum per- 
missible ambient. 
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Figure 2. Effect of temperature rise on K 


factor and watts 


cold resistance of the winding due to oxi- 
dation of the copper. After one year of 
operation without a failure, it was be- 
lieved that the test could be made more 
severe by additional thermal cycling of 
the coils. The thermal cycling consisted 
of switching the power off the coils twice 
each day. The coils would be de-ener- 
gized for approximately two hours in 
which time the coils would cool to a little 
above room temperature. Then power 
would be applied for four hours, a period 
more than sufficient for them to reach 
stabilized operating temperature. The 
power was then turned off for two hours 
and then left on overnight. Once each 
week the power would be off overnight 
and a cold temperature reading made the 
following morning. 


Test Results 


The change in heat dissipation factor 
K was used as a basis for observing insu- 
lation aging. This K factor is the aver- 
age temperature rise divided by watts 
input and represents the temperature the 
coil must attain to dissipate the energy 
liberated within its body. Since average 
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temperatures by resistance were used, the 
heat dissipating ability of the boundaries 
of the coil was only one factor involved. 
The heat transmission within the coil 
has an appreciable influence as it deter- 
mines the distribution of temperature 
within the body of the coil. If the heat 
conductivity of the body is low, the in- 
ternal temperature may be much higher 
than the surface temperature, where the 
heat is dissipated. Thus the average 
temperature being higher, the coil would 
have a very high K factor. However, if 
the heat conductivity within the coil 
were very good, the surface and internal 
temperature would be more nearly the 
same and a low K factor would result. 
Thus a change in K factor may represent 


(E1) 


INCREASE IN “K’ FACTOR 


PERCENT 


HOURS AGING (MULTIPLY BY IO”) 


Figure 3. Effect on K factor of aging at ele- 
vated temperatures 
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turns in the coil act not only as physical 


conductivity within the body of the coil, . 
he oe. ee 


Aging and heat deterioration in organic — 
and semiorganic materials generally are — 
accompanied by weight loss, which results 
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voids. The resinous bonds between the 


supports but as thermal conductors. As i 
the impregnant ages, it shrinks or other-_ ¥ 
wise forms voids and its thermal conduc- 


tivity diminishes. Resins shrink slightly ( oe 
as they cure and cause some voids which 


manifest themselves as a rise in K factor. 


’ Figure 2 shows the original K factor as a 


function of temperature rise above 25 ‘ 
degrees centigrade ambient temperature. 
Figure 3 shows the per cent increase in K 
factor as a function of hours aging under 
each temperature condition. r 

After the tests had been in progress, 
changes in cold resistance were observed. _ 
Thereafter periodic observations of cold 
resistance were made and the changes 
recorded. Figure 4 shows the per cent 
change in cold (25 degrees centigrade) — 
resistance as a function of time of aging 
at various temperatures. Ke 

No definite coil failures occurred. Only 
two coils encountered trouble during the 
whole test and these were the result of 
faulty soldered joints at the terminal. 
They were detected by variable resistance 
readings. 

Figure 5 shows the conditions of coils 
2, 4, 5, 8, 9, 10, 11, and 12 after the con- 
clusion of the test. All the coils except 
number 4 had been at temperature 12,615 


PERGENT INCREASE IN COLD RESISTANCE DURING AGING 


HOURS AGING (MULTIPLY BY 103) 


Figure 4. Effect of aging at elevated tempera- 
tures on the cold (25 degrees centigrade) 
resistance of magnet coils 
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Figure 5. Coils showing external condition 
after 12,000 hours aging at temperatures of 
200, 225, 250, and 275 degrees centigrade 


hours. Coil 4 had been at temperature 
11,006 hours. 

The coils shown in Figure 5 were sub- 
jected to electrical tests as follows: 


(az). All passed the standard low-voltage 
short-circuit test (‘‘E”’ iron balanced watt 
meter tester). 


(b). All the coils except numbers 11 and 12 
successfully withstood surge comparison 
tests? up to 10.6 kv (the limit of the tester 
available). Coils 11 and 12, which were 
aged 12,615 hours at 275 degrees centigrade, 
failed at 8 kv. These test voltages were 
surge peak values across two coils in series. 


After electrical tests, the coils were cut 
open for physical examination. The 
‘condition of typical coils is shown in 
Figure 6. Detailed observations are 
given in Table IJ. These may be sum- 
marized in the following statements: 


(az). Coils at 200 degrees centigrade were 
in excellent condition showing few if any 
signs of aging. 


(b). Coils at 225 degrees centigrade were 
beginning to age, but were well bonded and 
in good condition. 


(c). Coils at 250 degrees centigrade showed 
unmistakable signs of aging, but were still 
in fair condition, being well bonded but 
brittle. 


(d). Coils at 275 degrees céntigrade were 
still operable. However, they were in a 
condition which might be expected to result 
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Figure 6. Coils showing internal condition 
after 12,000 hours aging at temperatures of 
200, 225, 250, and 275 degrees centigrade 


in failure under actual service conditions, 
as the bonding between wires as well as 
parts of the spool was near the failure point 


Thermal decomposition of silicones pro- 
duces a reversal of color change from that 
normally encountered in organic resins. 
Organic resins decompose to carbon, a 
black conducting substance, whereas 
silicones decompose to silica, a white 
insulating substance. The aging of these 
coils clearly shows this color change which 
was an important indication. (The real 
significance of this color change requires 
further study.) 


Examination of 
Copper Conductor 


One of the coils which had operated on 
this test for 9,000 hours at 275 degrees 
centigrade was cut open for examination. 
The microstructure of this wire was nor- 
mal for electrolytic tough-pitch copper 
and no hydrogen embrittlement could be 


detected. A black coating was present 


on the wire (about 0.0004 inch thick) 


which was found to be a mixture of cu- 
prous and cupric oxide by X-ray diffrae- 
tion analysis. The X-ray pattern for this 
copper was normal. : 

It was concluded that the test condi- 
tions had no deleterious effect on the cop- 
per wire except for slight oxidation of the 
surface. This surface oxidation resulted 
in increase in conductor resistance. 


Discussion of Test Data 


Over 12,000 hours (1!/3 years) operation 
at temperatures of as much as 275 degrees 
centigrade did not destroy a single coil or 
produce a case of serious trouble (except 
the two which were attributable to origi- 
nal workmanship in soldering). 

The change in heat dissipation factor 
K shows an upward trend as the coils 
age. The rate of increase in K factor is 
greater at higher temperatures as shown 
in Figure 3. The initial rise in K factor 
may be considered as indicating comple- 
tion of internal cure. However, the 
abrupt break in the curve for coils at 
275 degrees centigrade (at 8,000 hours) is 
believed to indicate thermal degradation. 

Resistance changes, though definite, 
were not of a serious nature even on coils 
at 250 degrees centigrade for the full 
period of the test. At 275 degrees centi- 
grade the resistance change shown in 
Figure 4 is approaching a serious condition 
indicating that the temperature limita- 
tion may be established by copper rather 
than insulation. The rate of copper oxi- 
dation is known to increase as the tem- 
perature rises. Since copper oxide at low 
potentials is effectively an insulator, the 
rate and extent of oxidation can be 
determined by the change in resistivity 
of the copper wire. Periodic coil resist- 
ance readings were necessary to deter- 
mine the extent of oxidation of the wind- 
ings. The cold resistances remained es- 
sentially unchanged until the test had 
progressed to above 6,000 hours, then 
they started to rise and approach a con- 
stant level except at 275 degrees centi- 
grade. At that temperature, no satura- 
tion level was observed. This level rose 
at an increasing rate as the temperature 


Table Il. Physical Condition of Magnet Coils After Thermal Aging for Approximately 
12,000 Hours 
Aging Condition of Winding 
Temperature, Coil Condition of — 

Deg C Numbers Washers Color Bond Strength 
BOO <i Menaere MP ini ible Well bonded “Dark a) one Excellent 
225,......... 2-10...... Well bonded ... Beginning to lighten. .... Good 
250. atten BO ek wu Fairly well honded...... bight.” Jj) (9 ee Still bonded but brittle 
O7b eee eee fr De ed Loose -shhaght”  ~ 7%)? ge aes Poor—ready to fall 


apart 
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Tose above 200 degrees centigrade. This 


seems to indicate that the copper oxide 


forms a protective film over the copper 


_ which decelerates the oxidation for a given 


temperature. That the oxidation did not 
appear until about 6,000 hours as com- 
pared to an almost immediate rise in K 


adhesion to copper is good and it is the 
last place where voids begin toform. The 
extent of oxidation might be greatly re- 
duced if the bare copper wire had a pro- 
tective coating, such as cadmium plating, 
under the insulation. 


Interpretation of Data 


One of the main objectives of this pro- 
gram was to obtain some idea of the order 
of magnitude of the thermal life of the 
silicone resins and composite silicone insu- 
lation. A recent review! of the aging 
characteristics of insulation disclosed 
general agreement that thermal aging of 
insulation is a logarithmic function of 
temperature. This concept was utilized 
in extrapolating the results of this series 
of tests. Extrapolation of short time 


tests is recognized as difficult but if pre- — 


dictions are to be made, it offers at least 
an opportunity for an “‘intelligent guess.” 

Figure 7 has been constructed as fol- 
lows to extrapolate these data: 


(a). The actual test hours at the various 
temperatures were plotted as points A, B, 
C, and D. 


(b). A suggested life curve for silicone in- 
sulated motors was plotted for reference, 
with a 12 degree centigrade slope for half- 
(By coincidence this passes through 
point B.) 

(c). From examination and tests, it was 
concluded that there is léttle likelihood of 
failure at the condition resulting from the 
250 degrees centigrade test (point C). How- 
ever, the condition resulting from the 275 
degree centigrade test (point D) was inter- 
preted to be near the end point. These 
points were therefore assumed to represent 
minimum and maximum life and were used 
to locate the boundaries of the ‘‘probable 
failure zone.” Curves then were drawn 
through these points parallel to the su ggested 
life curve for silicone insulation on motors.” 


(d). A reference bench mark is drawn at 
7 years and reference points are shown on 
this line for class B motors and class B 
magnet coils, at temperature limits estab- 
lished by AIEE Standards, as indicating 
probable life expectancy. 


From this curve, it can be seen that the 
probable “minimum life” curve for mag- 
net coils intersect the bench mark line at 
225 degrees centigrade. It is of interest 
that this is 25 degrees centigrade above the 
probable motor insulation life curve which 
is the established difference for magnet 
coils over motors for class A and class B 
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insulation (see Table I). Thus the test - At=temperature rise by resistance above fq 


results indicate that the increase in tem- 

perature for comparable life is consistent 
between motors and magnet coils with 
silicone insulation when compared to the 
present allowed temperatures for class B 
motors and magnet coils. 

The proposed temperature allowances® 
for silicone motor insulation correspond- 
ing to AIEE Standard 1 are 160 degrees 
centigrade observable by resistance. This 
is well below the insulation life value in- 
dicated by tests on motors.” It, therefore, 
is consistent and conservative to suggest 
a permissible temperature for silicone 
magnet coil insulation below the indicated 
value of 225 degrees centigrade by resist- 
ance. It is the opinion of the authors 
that a value of 200 degrees centigrade as 
observed by resistance would be satis- 


factory. 


Effect of Operating 
Temperature on Design 


The permissible operating temperature 
is an important factor in magnet coil de- 


sign. Temperature rise above ambient 


temperature can be approximated at con- 
ventional operating temperatures for a 
given coil design by the following formula: 


RXAt At 
= ——$—$|- [| —— ———_ 
z { K (tae) 


where 


E=continuous rated voltage for tempera- 
ture rise of At 

R=cold resistance of winding at tempera- 
ture of fg 
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Figure 7. Thermal aging curve interpreting 
test results 
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fg=ambient temperature (for operating or 
test conditions) 

K=heat dissipation constant of coil design, 
in degrees rise per watt 


This formula assumes that the tempera- 
ture rise is proportional to the watts 
generated in the coil winding. This is — 
reasonably accurate until the higher tem- 
peratures are reached when the K factor 
tends to decrease (heat dissipation is not 
a linear function of temperature rise). 

The relation between continuous volt- 
age rating and temperature rise is shown 
in Figure 8 based on the foregoing formula. 
This curve also shows that the ampere 
turns, while increasing with rated voltage, 
do not increase in the same ratio because — 
of the increase in winding resistance at 
the higher temperature. 

From Figure 8, it is clear that the pres- - 
ent difference between class A coils at 
85 degrees centigrade rise, and class B 
coils at 105 degrees centigrade rise (as- 
suming the same space factor), is some-_ 
what less than nine per cent improvement — 
in ampere turns. This difference is not 
of sufficient importance to justify the use 
of class B magnet coils on most applica-_ 
tions, hence they are not used generally. 
To obtain a significant advantage from in- 
crease in operating temperature (with a 
standard size of coil), it would be neces- 
sary to increase the permissible rise from 
85 degrees centigrade to approximately 
160 degrees centigrade (about equivalent 
to one standard wire size). 

Figures9 and 10 illustratetheadvantage 
to be gained in reduced size of winding 
through increase in temperature rise. 
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Figure 8. Effect of temperature rise on voltage 
and hot ampere-turns of magnet coils 
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Figure 9. Effect of temperature rise on active 
coil length and copper weight 


These calculations are based on a constant 
value of minimum hot ampere turns at a 
specific percentage of rated voltage. The 
coils used as the basis for these calcula- 
tions are the same size and construction 
as used for the tests reported herein. 


Conclusions and Recommendations 


One unmistakable conclusion drawn is 
that the combination of fiber glass and 
silicone resin makes an important con- 
tribution to improving the thermal life 
of magnet coilinsulation. The end of the 
reliable life of such coils is believed to be 
determined by the failure of the silicone 
resins as bonds. The glass fibers provide 
positive turn separation and the by- 
products of silicone decomposition are 
nonconducting. Therefore, the proba- 
bility of short-circuited turns is not great, 
even at the condition described herein as 
“maximum life,’ unless there is severe 
mechanical distortion of the winding. 

The tests were begun about 21/2 years 
ago and employed DC-990-A resin which 
was the best silicone resin available at 
that time. Silicone resins have been im- 
proved (the corresponding improved 
resin is known as DC-993). Other short 
time tests indicate that similar coils with 
DC-993 will have even greater thermal 
endurance than indicated by the tests 
reported herein. Parallel tests employing 
the improved resins are in progress. 

Though the experience is meager, there 
is considerable evidence to indicate that 
silicone insulated magnet coils employing 
fiber glass insulated wires can be rated at 
temperatures appreciably above the 160 
degree centigrade temperature by resist- 
ance proposed for silicone insulation on 
rotating machinery. 

Increase in permissible temperature 
rise will provide a real design advantage 
through an appreciable increase in net 
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Figure 10. Effect of temperature rise on coil 


diameter and copper weight 


ampere turns. This advantage is ob- 
tained at some sacrifice in efficiency, as 
the watts per ampere turn are increased 
at elevated temperatures. 

It is recommended that other investi- 
gators study this problem in order that 
sufficient confirming data be obtained to 
warrant establishing a new standard for 
silicone magnet coils, and particularly 
that they explore the elevated tempera- 
tures where designers may obtain an ap- 
preciable advantage (one standard wire 
size change). 

It is the recommendation of the authors 
that an observable temperature limit of 
200 degrees centigrade by resistance be 
considered as a future standard for sili- 
cone insulated magnet coils employing 
fiber glass conductor insulation. This 
would permit a temperature rise of 160 
degrees centigrade (above 40 degrees 
centigrade ambient temperature) as ob- 
served by resistance. 


Appendix |. Test Specification 
for Temperature Runs on Magnet 


Coils 


Set up complete apparatus with coil as- 
sembled in its normal operating position. 
Shield apparatus from abnormal drafts 
where necessary but leave unrestricted room 
for flow of normal ventilating air. 

Apply several thermocouples to coil sur- 
face. These should be distributed around 
the surface so as to obtain several readings 
for an average indication. Make sure that 
these are in intimate contact with coil sur- 
face and that the 
covered with a small felt pad or insulating 
cement. 

Place a thermometer in room air adjacent 
to the apparatus to record ambient tem- 
perature. This should be near enough to the 
apparatus to indicate accurately the sur- 
rounding room air temperature but should 
not be in a position where the apparatus 
temperature will affect it. 
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sensitive element is’ 


Next accurately measure the coil resist- 
ance and record it with the coil surface tem- 
perature as well as the ambient tempera- 
ture. 

Only after these preliminaries should 
power be applied. The voltage specified for 
test should be held constant throughout the 
test. During the early part of the test, fre- 
quent readings should be taken, but in the 
latter part, as the coil temperature ap- 
proaches a steady state, less frequent 
readings will suffice. Heating data should 
be observed and recorded as follows: 


Time of reading with reference to cold start. 
Volts applied to coil terminals. 

Amperes flowing through coil. 

Surface temperatures. 

Room air temperature. 


After all observed values reach a steady 
state (or the increase does not exceed the 
variation due to change in ambient tempera- 
ture) take a set of shutdown readings. Ar- 
rangements should be made before power is 
shut off to change the coil connections 
quickly to a Wheatstone bridge. The time 
that power is sbut off must be observed ac- 
curately and related to the cooling data 
taken. After power is shut off, frequent 
readings of coil resistance should be made 
until the change in coil resistance is at least 
half the total increase due to temperature 
rise. The coil resistance at the instant of 
shutdown is determined by plotting the 
values observed during the cooling period 
and extrapolating to the time that power 
was removed. 
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+ - Rectifier Installations 


Mt - Inductive Co-ordination. UAgpects of 


AN AIEE COMMITTEE REPORT 


HIS REPORT discusses the inductive 

co-ordination aspects of rectifier in- 
stallations from the standpoint of effects 
on the a-c side and presents methods of 
classifying proposed installations into 
one of the three following categories: 


Category I. Very unlikely to cause impor- 
tant induction problems. 


Category II. Indeterminate. 


Category III. Very likely to cause impor- 
tant induction problems. 

Suggested dividing lines between cate- 
gories are set up in terms of estimated har- 
monic currents or voltages and types of 
power and telephone systems involved. 
In using these figures, it is important to 
keep in mind that the phenomena in- 
volved are complex and that simple esti- 
mates are necessarily approximate: a 
difference of less than about 25 per cent 
in any of the results obtained by these es- 
timates is ordinarily not significant. It 
is particularly important that none of the 
figures be construed to be any sort of 
limit. (For working material, see pages 
420 and 421.) 

Among the advantages of classification 
of installations in the manner described 
herein are: 


1. Considerable time and effort can be 
saved by avoiding useless detailed studies 
and tests in connection with installations 
which simple analyses would show to be 
relatively innocuous, that is, to be in cate- 
gory I. After an installation in this cate- 
gory is placed in service, a few tests may be 
made to check the indications of the rough 
estimates and catalogue the case for future 
reference. 


2. It will be easy to recognize those instal- 
lations in which the only way to find out 
definitely whether remedial measures are 
needed—and if so the best type—is by de- 
tailed tests of power system influence and 
telephone noise before and after the rectifier 
is put into operation, that is, installations 
in category II. 


3. The occasional situation in which the 
rectifier load would cause immediate and 
severe problems, that is, installations in 
category III, can be recognized and suitable 
precautions taken. These precautions are, 

usually, to provide remedial measures in 
advance, or if this is not feasible, to confine 
the harmonics to areas where they can do 
little harm until tests can be made and 


‘remedial measures designed and installed. 


4. It will facilitate co-operative advance 
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planning, for example, selection of methods 
of power supply and number of phases, to 
minimize the probability of apostate in- 
duction problems. 


5. Where tests are required, it will facili- 
tate setting up test programs to obtain in- 
formation of the maximum usefulness with 
minimum effort. 


While this report is devoted primarily 
to rectifiers of the sort usually encoun- 
tered in industrial, railway, and radio ap- 
plications, methods are given later for 
treating certain of the types encountered 
less frequently. The following matters 
pertaining to harmonics associated with 
rectifiers are not covered, but references 
to other information are included as indi- 
cated: 


1. Harmonics on the d-c side of rectifiers 
(see items 21, 32, 33, 34, 35, and 36 in 
References). 


2. Effect of harmonics on the a-c side on 
heating of power equipment and on balance 
of rectifiers (see items 3, 16, and 31 in 
References). 


8. Single-phase rectifiers (see item 36 in 
References). 


More complete treatments of. specific 
aspects of the subject are contained in the 
literature listed under References, which 
are referred to in the following text. Ap- 
pendixes I and II contain, respectively, 
brief discussions of the fundamentals of 
induction and of the propagation of har- 
monic currents and voltages over power 
circuits, which may be found useful in ob- 
taining a more comprehensive picture of 
the phenomena involved. Appendix III 
gives pertinent data on a few of the in- 
stallations which have been studied. 


Nature of Problem 


In this section are discussed the basic 
factors of the inductive co-ordination 
problem relating to rectifier installations 
from the point of view of the a-c power 
system. An understanding of these fac- 
tors will be helpful in analyzing situations 
involving inductive co-ordination prob- 
lems and in finding remedial measures. 


Factors AFFECTING PROBLEM 


Considering the a-c side of a rectifier 
installation, the only significant effect of 
the installation from the inductive co-or- 
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_ These harmonic currents and voltages set. 


dination standpoint is the production of 


harmonic currents and voltages in the — 


power system,}) 2) 38) 9 17, 30, 31, 32, 34,53 


up magnetic and electric fields of corre- 
sponding frequencies about the power 
lines; they, in turn, may induce voltages 
of the same frequencies i in paralleling tele- 


phone circuits which may cause noise in 
Induction caused by | 
power circuit currents is called magnetic; — 


these circuits. 


that caused by power circuit voltages is 


called electric (see AppendixI), Whether _ 


noise problems will occur and, if so, their 
severity and extent, will depend on the 
magnitudes of the harmonic currents and 


voltages at various places over the power — 
system, the characteristics of the power 


system, the amount, type and location of 
situations of proximity between power 
and telephone circuits (that is, ‘‘expo- 


sures’), and the characteristics of the | 


telephone circuits. These matters are 
discussed more fully in Appendix I. 


GENERATION OF HARMONICS 


The current taken by a rectifier unit 
from the a-c line has a step-type wave 
shape resulting from the flat top wave 
shape of the anode currents. Typical 
wave shapes of rectifier a-c line currents 
are shown in Figure 1. 

Table I shows the orders (that is, the 
multiples of the fundamental frequency) 
of the harmonics on the a-c circuits asso- 
ciated with rectifiers of different numbers 
of phases. The magnitude of any har- 
monic which is present with any particu- 
lar number of phases is the same as for a 
6-phase rectifier if all other conditions are 
the same. For example, the magnitudes 
of the twenty-third and twenty-fifth 
harmonics are approximately the same 
whether the rectifier has 6, 12, or 24 
phases,5: 5:8) 9120.31 

The magnitudes of the harmonic cur- 
rents have a definite relation to the mag- 
nitude of the total rectifier current and 
also depend on the order of the harmonic. 
The higher the order of a harmonic, the 
smaller is its magnitude. 


Paper 46-105, recommended by the AIEE com- 
mittee on electronics for presentation at the AIEE 
summer convention, Detroit, Mich., June. 24-28, 
1946. Manuscript submitted March 26, 1946; 
made available for printing April 17, 1946. 


This report was prepared by a working group of the 
electronic power conversion subcommittee, AIEE 
committee on electronics, consisting of H. R. 
HuntLey (M ’29, chairman), operation and engi- 
neering department, American Telephone and 
Telegraph Company, New York, N. Y.; R. D. 
Evans (F’40), consulting transmission engineer, 
Westinghouse Electric Corporation, East Pitts- 
burgh, Pa.; C. W. Frick (A ’19), general engineer- 
ing laboratory, General Electric Company, Sche- 
nectady, N. Y.; H. E. Kent (M31), engineer, 
Edison Blectric Institute, New York; H. Wino- 
GRAD (M ’39), engineer in charge, rectifier design, 
electrical department, Allis-Chalmers Manufactur- 
ing Company, Milwaukee, Wis. 
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_ The rectifier unit R is supplied from a 
- power source G over a 3-phase line A. 
The power supply circuit has an imped- 


‘ance Z, which includes the impedances 


of the line and the power source. From 


the point of view of the power circuit, the 
“rectifier unit can be considered as a gen- — 


erator of harmonic currents. The imped- 
ance of the power supply circuit will effect 


some reduction in the harmonic currents, 


the extent of the reduction depending 
on the magnitude of the impedance. 
If a harmonic current J, flows from 


the rectifier-over the line to the power 
‘source, a voltage drop in the line will re- 


sult because of the impedance Z, of the 


power circuit at the harmonic frequency. 


This will produce at point S a harmonic 
voltage E, = [,Z,. If a communication 
circuit should have an exposure to the 
power line A, experience shows that the 
controlling inductive effect in such a case 
is almost always caused by the harmonic 
current rather than by the harmonic 
voltage; the latter can, therefore, be neg- 
lected without much error for an expo- 
sure to the main supply feeder. 

However, if the power line should have 
an extension B for supplying other loads, 
as shown in Figure 3, the harmonic volt- 
age at S will cause a harmonic current to 
flow over that line also, although the 
power to the rectifier is supplied only over 


Harmonics Arising in Rectifiers 
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Table I. 


Orders of Harmonics Present With 
Balanced Operation* 
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* Other harmonics may be present if the rectifier is 
unbalanced, as by differences in load or phase con- 
trol between units, or by harmonics in the power 
supply. 


** The series continues above these values. 
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Actually, the harmonic currents Gontas a por 


rectifier can flow into any part: of an a-c 


system to which it is connected, as de- 


termined by the impedances of the vari- 
ous branches of the system at the har- 
monic frequencies, regardless of the loca- 
tion of the source of power supply or the 
direction of power flow. In practice, 
however, the circuit over which the recti- 
fier receives its power usually has the low- 
est impedance and draws the greater part 
of the harmonic currents. 


Errect or A-C LINE VOLTAGE 


For a given kilovolt-ampere input to a 
rectifier installation, the higher the a-c 
line voltage the lower-is thé a-c line cur- 
rent and the lower the magnitude of the 
harmonic currents, because the magnitude 
of the harmonic current components has 
a definite relation to the rms value of the 
rectifier current. When the harmonic 
currents are lower, usually the harmonic 
voltages produced by them are also 
lower. Also, there are fewer long close 
exposures of telephone circuits to high-- 
voltage transmission circuits than to 
power distribution circuits. Thus as the 
voltage of the line supplying a rectifier 
installation is increased, the probability 
of interference in communication circuits 
in the vicinity of the rectifier installation 
is decreased. 

Harmonic currents and voltages can be 
transmitted through power and distri- 


bution transformers in the a-c system and ~ 


their magnitudes changed in accordance 


_ with the transformation ratios of the 


transformers. However, the factors con- 
trolling the propagation of harmonics 
over power networks are different quanti- 
tatively from those controlling the funda- 
mental, as discussed in more detail in 
Appendix IT. 


EFFECTS OF PHASE CONTROL 


Phase control is used on a rectifier for 
the purpose of reducing the d-c output 
voltage below the value obtained without 
phase control. It is accomplished by re- 
tarding the firing point.of the anodes in 
the alternating-voltage cycle, through 
grid or firing control. When phase con- 
trol is used, there is no change in the 
transformation ratio of the rectifier trans- 
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monic components of ‘higher magnitude. 

These effects increase as the amount of 
phase control employed is increased. The _ 
use of an appreciable amount of phase 
control is therefore likely to increase the 
co-ordination problem between a power 
system supplying rectifiers and communi- 
cation circuits. It is important, there- 
fore, that the use of phase control in 
excess of actual requirements be avoided, 
particularly in the range of full-load and 
overload ratings of rectifiers. 


I-T Propuct AND VOLTAGE TIF ‘ 


In the remainder of the body of the re- 
port, the terms ‘‘I-T product” and ‘‘volt- _ 
age TIF” are used freely. These terms 
are discussed in Appendix I. At this 
point it is sufficient to note that I-T prod- 
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Figure 1. A-c line currents 
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Figure 2 


uct is a measure of the over-all noise in- 
fluence of a current (including funda- 


_ mental and harmonics); voltage TIF is a 


similar measure for voltage of known 
rms value.?7: 8 


GrounD RETURN AND 
BALANCED HARMONICS 


Harmonics arising in rectifiers supplied 
on a 3-phase basis start out as balanced, 
that is, the phase currents are equal and 
120 degrees apart, as are also the phase-to- 
neutral voltages. If the power system 


' were perfectly balanced, that is, if at har- 


monic frequencies the series impedances 
of the three phase wires were equal and 
also if the admittances to ground of 
these wires were equal, these currents 
and voltages would remain balanced. 
However, with three or more wires on a 
pole head, the series impedances of the 
different wires are usually not identical 
nor are the admittances to ground identi- 
cal. In many cases these inequalities are 
accentuated by the presence of single- 
phase branches and single-phase loads. 
As a result, on distribution circuits (and 
to a limited extent on transmission cir- 
cuits), the vector sum of the harmonic 
phase currents or of the phase-to-ground 
voltages is not zero; the vector sum is 
called ‘“residual.’”” That part of the resid- 
ual harmonic current which returns in 
the ground is called “round return’”’; 


‘it has a larger inductive effect than cur- 


rents confined to the wires. Similarly, 
the effect of residual voltages is larger 
than that of balanced voltages. These 
matters are discussed in more detail in 
Appendix £201 12;22 


bret 
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Figure 4. Anode currents 
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RELATIONS BETWEEN HARMONIC 
VOLTAGE AND HARMONIC CURRENT 


Harmonic voltages on a power system 
may be important from two standpoints, 
namely: | 


1.. Where open wire telephone circuits are 
involved, the induction from these voltages 
may beimportant. 


2. Inmany situations, the more important 
effect of harmonic voltages is in causing 
harmonic currents in parts of systems on 
which these voltages are impressed. For 
example, in Figure 8 the effect of a harmonic 
voltage EZ, in causing a harmonic current in 
part B of the system is likely to be more im- 
portant than the direct effect of En. This is 
particularly likely to be true if part B is 
unbalanced, as by single phase branches and 
loads, so that part of the current becomes 
ground return. 


In connection with 1 above, the har- 
monic current into B at any frequency 
fn is the impressed harmonic voltage of 
that frequency E, divided by the imped- 
ance looking into B at that frequency. 
This impedance is not the series imped- 
ance of the wires of B alone; it depends 
not only on these series impedances but 
also on the impedances in shunt with the 
circuit, such as, for example, the imped- 
ances of loads or capacitors connected to 
the circuit and of the capacitances of the 


wires to each other and to earth. All of * 


these impedances vary with frequency— 
some directly, some inversely, and some 
in a complex manner. Estimating the 
I-T on an actual circuit under these con- 
ditions would, therefore, be quite in- 
volved. For rough estimates only, it 
has been found useful to assume a direct 
relation between the voltage TIF on the 
circuit and ground return I1-T. 


Procedure in Classifying 
Proposed Installations 


On pages 420 and 421 are shown the 
steps involved in the classification of a 
proposed rectifier installation together 
with essential data and equations. In 
the remainder of this section, these steps 
and data are discussed. 


Step 1 (REFER TO TABLE III, Pace 420) 


It is convenient to start with a sche- 
matic diagram of the power supply system. 
A typical diagram, shown in Figure 5A, 
includes the rectifier and its transformer, 
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Figure 3 


the supply feeder and its transformer, 
and associated power sources which may 
involve generators, a supply network, or 
both. In addition, the location of present 
or proposed telephone circuits, in relation » 
to power circuit feeders, should be deter- 
mined as illustrated by exposures to power 
feeders A, B, C,and N. These exposures 
illustrate the groupings that are conven- 
ient in classifying installations from the 
co-ordination standpoint. While in a 
detailed study it is necessary to have ra- 
ther complete information on exposure 
conditions, it usually is sufficient for 
classification purposes to know their gen- 
eral type and extent; for example, the 
extent to which the power circuits are or 
are likely to be involved in joint use of 
poles with telephone cables or in joint 
use or roadway exposures to telephone 
open wire. 

It is usually convenient, next, to draw 
an impedance diagram similar to Figure 
5B. In this diagram the reactances of 
the various parts of the circuit through 
which power flows to the rectifier are in- 
dicated as percentages on the total rectifier 
transformer kilovolt-ampere base. If the 
rectifier transformer kilovolt-amperes is 
known, it is used directly; if it is not 
known, a sufficiently good approximation 
for the present purpose can be obtained 
from equation 1. The per cent commutat- 
ing rectance (%X ¢n) of the rectifier trans- 
former can be obtained from the manu- 
facturer or can be approximated from 
Table II.* 


— 


* The per cent impedance given on rectifier trans- 
former nameplates should not be used because it 
applies only to the case where voltage is applied to 
the primary, and all of the secondary terminals are 
short-circuited. 


Table Il. Approximate Per Cent Com- 
mutating Reactance of Rectifier Transformers 


——— ee 


Approximate Reactance, Per Cent 


Rectifiers 
Voltage Rectifiers for for 
Class on Railway and Electro- 
A-C Side, General Indus- chemical 
Kv trial Service Processes 
a ah eth a 
Up to 15 Sec. sins Bic cya ars a(iats eteeeters 9 
GUO welalessye tere else 1G iasstaccteralafasety acter 9 
69/0 Wel ekeiotthtwicteus Sis chateitsatenis 9 
VU GW areqetsieletel asters VO Xasnstee sense siet 10 
UGE PW anaiciareietess ates UE Ditaticin.so, sigikstotelacerai eis 12 
PEt Sen caece f LAs ele ous creme ttestevan 14 
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Table lll. Summary of Classification Procedure 


Step 1. Schematic and Impedance Diagrams of 
Power Supply System (as Figure 5) 

1. Indicate exposures 

2. Classify circuits as to type (as A, B, C, or N) 

3. Determine per cent reactance of circuit ele- 


ments at 60 cycles on total rectifier trans- 
former kilovolt-ampere base 


A. Commutating reactance of rectifier trans- 
former from Table II or from manu- 
facturer 

B. 60-cycle power source reactance (use name 
plate data or Tables VIII and IX for 
reactances, and equations 4 and 5 for 
conversion to rectifier transformer 
kilovolt-ampere base) 

C. Rectifier feeder (see equations 2 and 3) 

4. Obtain total per cent commutating reactance 
(total %X-) on total rectifier transformer 
kilovolt-ampere base by combining items 
3A, 3B, and 3C above; or 

5. If data on reactances are not available, assume 
total per cent commutating reactance of 
eight per cent for industrial and railway in- 
stallations supplied from distribution circuits 
and the values in Table II plus two per cent 
for all other installations 


Step 2. Direct-Feeder Exposure (Exposure A, 
Figure 5) 
1. If phase control is not used at rectifier rated 
load, estimate I-T product from Figure 6 


A. Interpolate between curves, using total 
%Xc obtained in item 4 or 5 of step 1 

B. Divide ordinate by phase-to-phase volt- 
age in kilovolts and multiply by total 
rectifier transformer kilovolt-amperes 


2. If phase control is used at rated load, obtain 
I-T product as discussed under “Substantial 
Amounts of Phase Control” rather than from 
Figure 6 

3. Classify exposure as in Table IV* 


Step 3: Indirect Distribution Exposures (Exposure 
B and C of Figure 5) 


1. If phase control is not used at rectifier rated 
load, estimate voltage TIF on bus supplying 
feeder B or C, from Figure 7 

A. Interpolate between curves, using total 
commutating reactance (%Xc) obtained 
in item 4 or 5 of step 1 

B. Multiply ordinate by per cent reactance 
from (and including) 60-cycle power 
source to point of power supply to feeder 
BorcC 

2. If phase control is used at rated load, obtain 
voltage TIF as discussed under “Substantial, 
Amounts of Phase Control” rather than from 


Figure 7 
3. Classify exposure as in Table V* 
Step 4. Exposures to Supply System Network 


(Exposure N, Figure 5) 


1. Starting with the I-T product obtained in 
step 2 


A. Obtain division of this I-T product be- 
tween network (NV) and generator (G) 
on basis of their inverse impedances 

B. Multiply network I-T from (A) above, 
by line voltage of direct feeder (A) and 
divide by line voltage of the network 


2. Classify exposures as in Table VI* 


Estimates of per cent reactance of 
other circuit elements on total rectifier 
transformer kilovolt-ampere base can be 
obtained from equations 2, 3, 4, and 5. 
The following suggestions may be of help 
in estimating reactances to use in these 
equations: 


1. For generators and other synchronous 


*In Tables IV, V, and VI, the classification of in- 
stallations into categories has the following general 
significance: 


Category I. Very unlikely to cause important in- 
duction problems. 


Category II, Indeterminate. 


Category III. Very likely to cause important induc- 
tion problems. 
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Table IV 


Approximate I-T Product on Feeder A for 


Type of 
Type of Feeder A Telephone Plant Category I* Category II* Category III* 
Cable aera ALL So iay SAL ite — ate = 
Overhead circuit, but so... All .. All bio =<] see = 


located that there are 
and will be no exposures 
more than a few spans 
long 


Overhead distribution cir- Cablet ...Less than about...About 10,000 to... More than about 
cuits with normal exist- 10,000 about 100,000 100,000 
ing or possible future ex- Long open wire...Less than about...About 5,000 to...More than about 
posures 5,000 about 50,000 50,000 

Rural,} with present or... Long open wire... _ .. All tes —_ 


possible future exposures 


+ With or without short open-wire extensions. t Feeder of low capacity with single-phase loads. 


Table V 
Type of Approximate Voltage TIF on B or C for 
Distribution Circuit Type of 
Involved in B and C Telephone Plant CategoryI* Category II* Category III* 
Cable Fhe! Rae Ni pope - sieht — 
Overhead, so located that no exposures... . All recy tt sade — cows — 
more than a few spans can exist 
Overhead, urban, with no capacitors....Cablef ....Less than....About 50 to,...More than 
more than a few blocks away from about 50 about 150 about 150 


the rectifier 
Overhead, urban with a likelihood of....Cable or open....Less than....About 40 to....More than 
capacitors some distance away wire about 40 about 100 about 100 
Overhead circuit supplying scattered....Long open wire....Less than....About 30to....More than 
industrial and residential loads in about 30 about 75 about 75 
relatively open country and without 
extensive single-phase branches 
Ruralt ....Long open wire....Less than....About 20 to....More than 
about 20 about 50 about 50 


+ With or without short open-wire extensions. t Feeder of low capacity with single-phase loads. 


Table VI 


I-T Product Into the System (N) 


Characteristics of Supply System Category I* Category II* Category III* 


Extensive cable networks of type.... All aes _ aaa — 
found in large cities 
Overhead subtransmission systems. ,,.,Less than about 20,000... . About 20,000 to... .Over about 100,000 
about 100,000 
Extensive high-voltage transmis- 
sion systems: 
A. Rectifier with 6-24 phases...... Less than about 5,000 ....5,000 to 25,000 ....Over 25,000 


B. Rectifier with 30-48 phases..... Less than about 10,000... .10,000 to 50,000. ...Over 50,000 
C. Rectifier with 72 or more.... All 4 


phases 
Table VII. Equations Used in Estimating Reactances Associated With Rectifier Installations 
Nature of Reactance Equation ye ¥ 


To estimate: 
A-c line kva of rectifier transformer (kva)R 
from rectifier kw and phase control 


100 h 
aa x r contra S abtinerkw, CAG 


Here ‘‘% phase control” is amount of phase con- 
trol at rated voltage and load 


kvarR=1.15 


%XL=(0.00375)(L) (kvar) (2) 
f for 4-kv circuits 
Per cent reactance (%XL) of line of length 
L (in miles), on rectifier transformer kva %MXL= (0.075) (L) (evan) ; (3) 
base Eu? 
for 13-kv and higher-voltage circuits, where 
ate Ex is phase-to-phase voltage, in kv 
o find: 


Per cent reactance (%XRz), on rectifier 
transformer kva base (kvar), of equip- 
ment having a known per cent reactance 
(%Xzxz) with respect to some other kva 
base (kvaz) 


Per cent reactance (%XRz), on rectifier 


%XR2=%Xz ee 


(4) 


Var 


transformer kva base (kvar), of a react- %X Rx = (Xz) (evan) (5) 
ance given in ohms (Xz) ina line of volt- A 10E x? 
age EL Ex is phase-to-phase voltage, in kv 


——. ES 
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q 


: 


] 


= a 


FEEDER A 


[ EXPOSURE C ] 


1 > f 


TexPosureN| 
Figure 5. Typical power-supply and tele- 
phone exposure diagram for classifying rectifier 
co-ordination problems 


A=feeder to rectifier 


B=distribution system extending beyond recti- _ 
fier station 
C=distribution system fed from supply sub- 
station 


‘ 


CURVES PLOTTED FOR THREE VALUES OF TOTAL 
COMMUTATING REACTANCES (Xc) EXPRESSED IN 


| | EXPOSURE A | 


RECTIFIER 
__ TRANSFORMER 
bie), png. wet oS RECTIFIER SOURCE 


ria ny aria es. See ee Oe _ tar 
at bara AOS 1 Peat SN od pba Tok CS By Sake” 
ny ee ACY 

‘ 


Oe bi ite 


‘ 4 Ale, 3 <t Lake ie 


f = me ‘ 
; | EXPOSURE B | : ; 


dear pany ware a 


Wi aed 
Pd 10M 
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(A) SCHEMATIC DIAGRAM 


D=transformer bank supplying distribution 
system 

G=generator 

%Xn=per cent commutating reactance of 

rectifier transformer 
%X,4=per cent reactance of feeder A, on 
rectifier transformer kilovolt-ampere base 

%Xp=per cent reactance of transformer D, 
on rectifier transformer kilovolt-ampere base 


6105-6 


100 


eames] rere 
ashes 


CURVES PLOTTED FOR THREE VALUES OF TOTAL 
COMMUTATING REACTANCES (Xc) EXPRESSED IN 
|| PER CENT ON RECTIFIER TRANSFORMER KVA BASE 


(B) IMPEDANCE DIAGRAM 


- 


%Xq=per cent reactance of generator G, 


on rectifier transformer kilovolt-ampere base — 


%Xy =per cent reactance of network N, on 
rectifier transformer kilovolt-ampere base 


Zz =impedance presented by distribution cir-_ 


cuit B, to voltages of nth harmonic frequency 


Zo = impedance presented by distribution cir- 
cuit C, to voltages of nth harmonic frequency 


6105-7 


PER CENT ON RECTIFIER TRANSFORMER KVA BASE (aes a 
oof | 
: Pavia 
APPROXIMATE FACTORS a TLS Ss f ; 
70 GIVE GENERAL IDEA eel Ne en Ls Fe RE CRNER AE IDER 
OF EFFEC OF PHASE CONTROL 40 a as ra OF EFFECTS OF PHASE CONTROL 
: WHERE MS 
| 3 Bie 
eo Be 


MULTIPLY ORDINATE BY FULL 
LOAD KVA OF RECTIFIER AND 
DIVIDE BY THE LINE VOLTAGE, 
IN KV 


24 36 


FORMER ~KVA BASE 


fo) ® oO 


b 


Ww 


VOLTAGE TIF OF POWER SOURCE / PER CENT SOURCE 


REACTANCE ON RECTIFIER TRANS 


ie) 12 


NUMBER OF RECTIFIER PHASES 


Figure 6. 1-T per kilovolt-ampere of rectifier 
transformer capacity for 1-kv line voltage versus 
number of rectifier phases (60-cycle systems) 


machinery, the average of the subtransient 
and negative sequence reactances may be 
used. If these reactances are not known, 
the approximate percentages on the machine 
kilovolt-ampere base, shown in Table 
VIII,14:37 may be used. 

2. If the reactance of a power transformer 
bank is not known, the approximate figures 
in Table IX may be used. 
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Table Vill. Approximate Reactances of 
Synchronous Machines 


Reactance on Own 
Base for Use in 


Type of Machine Equation 4, Per Cent 


Pee Te 


2-pole turbine gemerator.......--.++++ 9 
4-pole turbine generator........--+«-+ 15 
Salient pole generator or motor 
With dampers.......-+--+ee+seeee> 24 
Without dampers........-+-s+e+e+5 45 
Synchronous condenser......---- sean.) 


nn 


Inductive Co-ordination 


TOTAL %Xc=5%~ 
TOTAL %X¢=8% 
TOTAL %oXC=12% 


TO DETERMINE VOLTAGE TIF AT A 
GIVEN POINT: 

MULTIPLY ORDINATE (FROM ABOVE ) 
BY THE PER CENT REACTANCE (ON THE 
RECTIFIER TRANSFORMER KVA BASE) 
FROM THE POINT IN QUESTION BACK 
TO(AND INCLUDING) THE 60-CYCLE 
POWER SOURCE 


2 Se es} 


24 36 48 


; 60 
NUMBER OF RECTIFIER PHASES 


Figure 7. Source voltage TIF per per cent 

source reactance on rectifier transformer kilo- 

volt-ampere base versus number of rectifier 
phases (60-cycle systems) 


3. Where the ‘‘network acting as power 
source” includes a transformer bank be- 
tween the lines and the bus, about the best 
approximation is to consider the impedance, 
looking into it from the bus as being equal to 
the reactance of the transformer bank alone. 
This approximation is good if the network is 
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— 


a high voltage system; it gets successively 
poorer as the voltage of the network ap- 


proaches that of the bus. 


Having set down the reactances as per- 
centages on the total rectifier transformer 


kilovolt-ampere base, they are com- 
bined to obtain the approximate total 


commutating reactance in per cent on rec- 


tifier transformer kilovolt-ampere base, 
that is, total %X,.* In cases where data 
are not available on reactances, total 
%X, of eight per cent can be used for 
industrial and railway installations sup- 
plied from distribution systems and the 
values shown in Table II plus two per 
cent for all other installations. 


Step 2. Direct ExPosuRES TO 
RECTIFIER FEEDERS (EXPOSURE A 
IN FIGURE 5) 


Step 2 covers a direct distribution type 
feeder supplying power to a rectifier. As 
indicated under ‘‘Nature of Problem,” 
experience indicates that in practically all 
such cases, magnetic induction is con- 
trolling, and that electric induction can 
be safely neglected. While the ground 
return I-T is the most significant measure 
of magnetic influence, it is difficult to esti- 
mate; however, for given power circuit 
conditions, the ground return I-T is about 
proportional to phase I-T, and the latter 
provides a sufficiently reliable indication 
for classification purposes. 

It has been found for installations of 


ordinary rectifiers of a given number of 


phases operated at full load without 
phase control, that the quantity “I-T 
product per kilovolt-ampere of. rectifier 
transformer capacity” usually lies within 
a fairly narrow range. In Figure 6 are 
plotted average values of “I-T product 
per kilovolt-ampere of rectifier trans- 


* For rectifier installations of 12 or more phases, 
strict theoretical accuracy would require applica- 
tion of correction factors to the a-c system react- 
ances before combining them with the commutating 
reactance of the rectifier transformer to obtain total 
%Xc. For the purposes of this report, this refine- 
ment was not considered essential and was omitted 
for the sake of simplicity. 


** It has been found by experience that the minimum 
I-T is secured when the loads among units in a 
multiphase installation are well balanced, even if 
this requires the use of small amounts of phase con- 
trol in some of the units. 
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three curves of Figure 6. he T 
ie OLE thus obtained, 


Eocene and srated by the ac Soe 
ning aag voltage” in kilovolts, wis Mead fe 3 


data oe Finca 6 alsa abo if eee aie | 
trol is used only at fractional load or if 
small amounts of phase control (not over 


a few per cent) at full load are used to — 


balance loads among units forming a mul- 
tiphase installation.** If larger amounts 
of phase control are used in normal oper- 
ation, the methods outlined in ‘‘Installa- 
tions Using Substantial Amounts of 
Phase Control” should be used. 


With known I-T product, installations 
can be classified from the standpoint of 
exposures similar to exposure A as in 
Table III. 


Step 3. Inprrecr DISTRIBUTION 
EXPOSURES (EXPOSURES B AND C 
OF FicurE 5) 


From the standpoint of exposures B 
and C in Figure 5, the factor of primary 
interest usually is the ground return I-T 
product. This factor, however, is very 
difficult to estimate, and for that reason, 
the voltage TIF impressed on the feeders 
and their extent and type are usually em- 
ployed. This approximation is rather 
poor quantitatively but is good enough for 
classification purposes. Where open wire 
telephone circuits are involved, the volt- 
age TIF itself is of importance. 


The voltage TIF on feeder C at the 
substation is produced by the voltage 


drops caused by the harmonic currents 


flowing through the reactances of trans- 
former bank D and the source as explained 
n “Nature of Problem.”” The voltage 
TIF may be estimated with the aid of 
Figure 7. The value of the total com- 
mutating reactance obtained in step 1 
is used to interpolate between the curves 
of Figure 7. The ordinate thus obtained 
for the particular number of rectifier 
phases is the voltage TIF contribution 
per ‘‘per cent power source reactance’’ on 
the rectifier transformer kilovolt-ampere 
base. This value when multiplied by the 
appropriate per cent power source react- 
ance gives the voltage TIF on the feeder. 
“Power source reactance,” as here used, 
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TIF at the point ; su 


‘sures Band CasinTableV. _ ep 


a 


feeders B and C, eee 
classified from the standpoint of e 


If no exposures exist or will be. cre 
in the future in a particular location, t! 
is no occasion for estimating voltage ’ 
for that feeder location or supply bus. _ 


Step 4. ExPpOSURES TO SUPPLY Suariet 
Network (Exposure N IN FIGURE 5) 


The power supply system may range 
from a single generator G to many gener- 
ators and may include an extensive trans- 
mission or subtransmission network. 
Where such a network is involved, the 
primary consideration from an induction 
standpoint is whether the harmonic cur- 
rent fed to it will have a significant effect 
on the influence of distribution systems 
(particularly rural) connected to it and 
over how large an area this will occur. 
The rectifier harmonics do, of course, tend 
to increase the influence of the high volt- 
age circuits themselves, but as a rule 
problems from this cause are less wide- 
spread or important than problems asso- 
ciated with the effects on distribution 
systems supplied by these circuits. Ex- 
perience has shown that the most useful 
factors in estimating the effect of rectifier 
harmonics from this standpoint are; 


; 
: 
; 
: 


t 


1. TheI-T product put into the network 
by the rectifier. 


2. The general characteristics of the net- 
work. 


The I-T product on the direct feeder A 
has already been obtained in step 2. This 
I-T product will divide between the gen- 
erator and network circuits in the inverse 
ratio of their impedances, from which the 
I-T product put into the network can be 
estimated. Where the network is con- 
nected to the bus through a transformer 
bank, the impedance looking into the 
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20,000 KVA 
G 7T%e 
20,000 KVA 

AVERAGE OF 

SUBTRANSIENT 

AND NEGATIVE To 
SEQUENCE 

REACTANCE=1l0%e 


30,000 KVA 


8%o 


Ty 


EXTENSIVE 132-KV NETWORK 
(ASSUME NEGLIGIBLE 
= REACTANCE COMPARED 
TO THAT OF 7}) 


XG= 1.15% XT2=0.81% 


1.96 970 


X71 =0-62%e 


1.5 MILES 13 KV 


\ TELEPHONE CABLE / 


= c=} 
PARALLEL ; Xp= 1.53% 
REACTANCE = 0.47% 


e10s-o 


TELEPHONE CABLE 
AND 
SHORT OPEN WIRE 


B 
5a 
RECTIFIER «| 2,300 KVA 
pee Bat Bearer! TRANSFORMER I Xcn=6.2% 
>c | 
—— ——~_, ’»- 
rt RECTIFIER: | | 
2,000-KW 6-PHASE = |_ | 
TELEPHONE CABLE (NO PHASE CONTROLE et 
/ AND AT FULL LOAD) 
SHORT OPEN WIRE 
(A) SCHEMATIC DIAGRAM 
B 


6.2% 


(B) IMPEDANCE DIAGRAM ON RECTIFIER TRANSFORMER KVA BASE 


network can be assumed to be that of the 
transformer bank; where there is no 
transformer bank, the safest assumption 
is that all of the I1-T goes into the net- 
work. In estimating magnitude of I-T 
products at various points, it is, of course, 
necessary to take into account the ratios 
of any transformers through which the 
currents pass. : 

While a wide range of supply network 
and exposure conditions may be encoun- 
tered, the most useful and convenient 
classification from the co-ordination 
standpoint is based on the information 
outlined in Table VI. 


DISCUSSION 


Rectifier co-ordination problems in- 
volve complex phenomena. As a conse- 
quence, a few installations which appear 
to be in category I cause important prob- 
lems; conversely, a few installations 
which appear to be in category III turn 
out to be innocuous. Categories I and 
III have been set up so as to make them 
as definite as practicable, while category 
II covers a wide range of intervening con- 
ditions. The chance of a particular case’s 
actually falling outside of its indicated 
range depends to a considerable extent 
upon its nearness to the edge of the range. 

Certain additional factors may be 
considered qualitatively in estimating 
the likelihood of important induction 
problems for installations, particularly 
those in category II. Some favorable 
and unfavorable factors in exposures to 
distribution cireuits (exposures A, B, and 
C of Figure 5) are: 
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Illustrative example of installation 
to be classified 


Figure 8. 


1. Heavy industrial type feeders supplying 
mainly 3-phase loads provide a favorable 
factor. The lighter the load, the more scat- 
tered it is; and the larger the proportion of 
single-phase line and load, the greater will 
be the likelihood of a co-ordination problem, 
assuming normal urban exposure conditions. 


2. Large banks of capacitors at or near 
rectifier installations of 12 or more phases 
are usually favorable; for 6-phase installa- 
tions they may be favorable or unfavorable. 
The reason for the differentiation is that 
resonance between capacitors and urban 
distribution circuits is most likely to be im- 
portant for frequencies of from 200 to 500 
cycles, which are normally suppressed with 
rectifiers of 12 or more phases. 


3. Capacitor banks electrically remote 
from rectifier installations may be unfavor- 
able, particularly for 6-phase rectifiers. 


Certain additional favorable and unfavor- 
able factors in exposures involving the 
supply network (exposure NV of Figure 5) 
ares 


1. For urban power cable networks, the 
greater the lengths of cable which the har- 
monics must traverse before reaching over- 
head circuits, the less is the likelihood of a 
problem. 


3. The larger the number of transformers 
through which the harmonics must pass be- 
fore they reach overhead distribution cir- 
cuits, particularly rural circuits, the smaller 
is the likelihood of a problem. 


3. Supply to a rectifier direct from a gen- 
erator bus is favorable; a generating station 
connected to a high voltage transmission 
system through transformers may be favor- 
able or unfavorable; usually the effect is 
not large. 
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In a number of the cases investigated, 
it was found that the rectifiers were op- 
erating with unnecessarily large amounts 
of phase control at fullload. Asa result, 
the I-T product and voltage TIF -were 
substantially higher than would normally 
be expected. In most of these cases, se- 
lection of different transformer taps and, 
occasionally, readjustment of the phase- 
control mechanism reduced the harmonics 
substantially. 

In some installations, one or more. of 
circuits A, B, or C may be missing and 
need not be considered in the classifica- 
tion procedure. For example, some in- 
stallations are supplied from high voltage 
networks through transformer banks 
which supply power only to the rectifiers 
and the plants in which they are located; 
in such cases only the I-T into the high 
voltage network is of interest. 


ILLUSTRATIVE EXAMPLE 


In order to illustrate the application of 
these methods, consider Figure 8. 


Step 1. Figure 8A shows a sche- 
matic diagram of anassumed power system 
associated with a rectifier, and Figure 
8B shows an impedance diagram on the 
rectifier transformer kilovolt-ampere base. 

Assume that the exposures to A, B, and 
C are normal urban, miscellaneous joint 
use and roadway, and that power circuits 
Band C extend into residential areas. 

The reactances in Figure 8B were de- 
termined as follows: 


0.075 1.5 X2,300 
132 
= 1.53% (using equation 3) 


OP ee 
ToX a= 
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%oX ae 

80,000 
=0.62% (using equation 4) 

ES, 2,300 

70: me" 20,000 
=0.81% (using equation 4) 

ToX ijyveta 

Saad 20,000 


=1.15% (using equation 4) 
%X gt WX r=1.15+0.81 = 1.96% 


Reactance of 7, and generator branch 
in parallel is 
it 1 1 
———— = 0.47 
1, 1 0514161 2.12 os 
1.96 0.62 
The total commutating reactance on 


rectifier transformer kilovolt-ampere base: 
Total %X,=6.2+1.53+0.47 =8.20% 


Step 2. The total I-T in feeder A 
is determined as follows: 

With a total X, of 8.2 percent, the I-T 
per kilovolt-ampere on a 1-kv circuit is, 
from Figure 6, about 180. The total I-T 
in A is then: 


180 X2,300 


=32,000 
13 


From Table IV, the installation would 
be classified in category II from the 
standpoint of the direct feeder A. 


Step 3. The per cent power source 
reactance used to estimate the voltage 
TIF on feeders C is the reactance of the 
generator branch and T, in parallel, 
which is 0.47%. From Figure 7, the 
voltage TIF per per cent source reactance 
is (for a total X, of 8.2%) about 50. The 
voltage TIF impressed on C will thus be 
about 50 X 0.47 = 24. 

From Table V, the installation would 
be classified in category I, from the 
standpoint of feeders C. 

The per cent power source reactance 
used to estimate the voltage TIF im- 
pressed on B is 0.47+X,=0.47+1.53= 
2.00%. Again, the voltage TIF per per 
cent is 50; the voltage TIF on B will then 
be about 502.0= 100. 

From the standpoint of circuit B, the 
installation will be (from Table V) in 
category II. If capacitors are to be used 
on the power system, it will be near the 
upper edge of category II. If circuit B 
should be used to supply a rural system, 
the installation would probably be in 
category III from the standpoint of the 
rural system, 


Step 4. The total I-T on a 13-kv 
base going into the generator and high 
voltage network branches in parallel is 
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(from step 2) 32,000. That going into 


the generators is of no interest. That go- 
ing into the transmission network is 


1.96 


———— _ = 24,000 
1.96+0.62 


32,000 X 


On the 132-kv high voltage network, 
this I-T is reduced by the ratio of trans- 
formation of transformer Ty, or it is 


13 
4 ——~=2,400 
24,000 X 132 


From Table VI, it will be seen that from 


the standpoint of the high voltage net- 


work, the installation is in category I. 


DISCUSSION OF EXAMPLE 


From the analysis, it can be seen that 
the area in which problems are most likely 
to occur when the rectifier is placed in 
operation is that supplied by feeder B. It 
is possible that there will be some prob- 
lems associated with feeder A, but unless 
the exposure extends practically the 
whole length of the feeder, they probably 
will not be unduly severe. The chances of 
problems associated with feeder C or with 
remote distribution systems fed from the 
132-kv network are small. 

It would seem wise in this case to ex- 
amine the situation with regard to feeder 
B in more detail before placing the recti- 
fiers in operation; for example, ascertain 
whether capacitors are used at widely 
separated points, the general degree of 
circuit balance, and the amount and 
type. of exposure (particularly between 
the rectifier and the capacitors). Ar- 
rangements might be made for applying 
telephone cable sheath shielding in ad- 
vance of the start of rectifier operation 
and for some method of emergency opera- 
tion to take care on a temporary basis of 
any difficulties that might develop until 
permanent measures could be applied if 
tests indicated their necessity. 

It probably also would be advisable, 
if practicable, to make tests on feeders A 
and B and on some telephone circuits 
exposed to them before the rectifier is 
brought up to full load, possibly during 
the preliminary tests of the rectifier. 

Little, if any, attention need be given 
to the high voltage network or to feeders 
C except possibly to make a few tests 
after the rectifier is in regular operation 
to be sure that no unforeseen conditions 
exist. 

It is of interest to note that in this case 
a ten per cent voltage reduction at full 
load by phase control would result in 
more than doubling the I-T’s and voltage 
TIF’s with a consequent substantial in- 
crease in likelihood of problems; for ex- 
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ample, it would result in putting the in- 


stallation well into category III from the — 


standpoint of B, in category II from the 
standpoint of C, and close to category IT 
from the standpoint of the high voltage 
network. (See example under ‘‘Installa- 
tions Using Substantial Amounts of 
Phase Control.’’) 

On the other hand, if the installation 
were 12 phase without phase control at 
full load, the I-T’s and voltage TIF’s 
would be reduced 35 per cent to 45 per 
cent, with a consequent substantial re- 
duction in the likelihood of problems. 


SMALL RECTIFIERS OF 
THREE OR FouR PHASES 


For small rectifier installations, the 
capacity may be less than that of 6 or 12 
tubes of conventional size. For these 
cases it may be desirable to use four or 
eight rectifier tubes with a transformer 
connected in Scott/4-phase cross, or three 
tubes with a transformer connected in 
delta/3-phase zigzag. Estimates of har- 
monic effects of these connections may 
be based on the methods of analysis and 
the data given for 6-phase rectifiers, and 
increasing the I-T product and voltage 
TIF factors by the multipliers given in 
Table X. 


Table X 
Relative I-T 
and Voltage 
Phase TIF Factors* 
A nis nian she, Sim: Si. ol Salis, eh ee 1.20 
Dic Onan aisha a Sette Gate uel Micars ke meee ae ee 1.33 


* These multiplying factors are to be applied to esti- 
mates based on 6-phase rectifiers. 


APPLICATION TO SYSTEM OF 
OTHER THAN 60 CycLES 


In order to apply the methods outlined 
here in cases where the power system fre- 
quency is other than 60 cycles, it will be 
necessary to obtain voltage TIF and I-T 
products from other sources.?:3:917_ With 
these factors known, installations can be 
classified as outlined in the foregoing. 


Co-ordinative Measures 


The solution of problems involving 
rectifiers where the application of co- 
ordinative measures is indicated is no 
different from other types of inductive 
co-ordination problems, in that close co- 
operation of all interested parties is nec- 
essary. Guiding principles and general 
practices are given in the report on “‘Prin- 
ciples and Practices for Inductive Co-ordi- 
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- nation,” oy ihe Edison Electric Tnstitute 
_ and the Bell Telephone System, 30 which 


-‘Tecognizes that characteristics of both 


¢ the power and the telephone systems must 
be taken into account. 


Of the various 
kinds of co-ordinative measures applica- 


ble to the power or telephone system, the 


following are the most important in con- 
nection with rectifier problems: 


“1, Advance planning of the method of 


supplying the rectifier from the standpoint 
of minimizing wave shape distortion.*? 


2. Phase multiplication of rectifier installa- 
tion.® 5,6,20 


3. Frequency selective devices.” 


4. Reduction of power system unbalance 
to ground. 111, 12,28 - 


5. Co-ordinated transpositions.*4 (Trans- 
positions in power distribution circuits are 
of negligible value but may in some cases 
be useful in transmission circuits.) 


6. Reduction of telephone system unbal- 
ance to ground, !11,12,23,26 


7. Shielding of telephone cable circuits.* 


Some of these already have been referred 
to as factors in evaluating the likelihood 
of a given installation’s causing trouble. 

It is impracticable within the scope 
of this report to present a sufficiently de- 
tailed discussion of these measures to 
provide the information required for 
reaching a solution of a particular situa- 
tion. However, the following general dis- 
cussion of these measures, with some in- 
dication of their field of use, may be help- 
ful in a more detailed examination of the 
material listed in the references. 

Induction problems associated with 
rectifiers are most likely to involve ex- 
posures between power distribution cir- 
cuits and telephone exchange circuits. 
The difficulties of applying and maintain- 
ing co-ordinative measures on a specific 
exposure basis, where power and tele- 
phone distribution circuits are involved, 
has led in recent years to relying more and 
more on the maintenance of the lowest 
practicable susceptiveness* of telephone 
circuits in general and of the smallest 
practicable wave shape distortion on 
power circuits in general. This is particu- 
larly true in rural areas where changes 
and extensions are frequent and where 
the power circuit influence is very greatly 
affected by wave shape. 

Improved balance-to-ground of the 
newer types of telephone subscriber and 
central office equipment, which reached 
the stage of large-scale production just 
prior to the war, was most helpful in this 
connection. Another helpful factor in 
the prewar years was the increase in use 


ee aaa 


* See Appendix I for explanation. 
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of carrier on telephone toll circuits, 
which was accompanied by much more 


effective telephone transposition arrange- 


ments. Of great importance from the 
standpoint of power system influence 
was the development and application of 
the principle of phase multiplication, par- 
ticularly in view of the tremendous ex- 
pansion during the war in large scale 
rectifier installations. 

Figures 6 and 7 have illustrated abe ef- 
fectiveness of phase multiplication in re- 
ducing the I-T and voltage TIF. This 
results from a reduction in the number of 
harmonic orders present as indicated in 
Table I. Another advantage of a rela- 
tively large number of phases is that 
power system resonance conditions tend- 
ing to magnify the effects of harmonics 
are much less likely to occur at frequen- 
cies above the twenty-fifth harmonic (60- 
cycle base). Furthermore, if induction 
problems do arise, remedial measures are 
much less expensive than for a smaller 
number of phases because 


1. Thenumber of harmonics to be cared for 
is smaller. 


2: The volt-ampere capacity of devices to 
reduce harmonics goes down rapidly as the 
lowest frequency which they must handle 
goes up. 


The number of phases in an installation 
is, of course, limited to the number of 
anodes. To secure the greatest effective- 
ness of phase multiplication, the d-c loads 
on the individual rectifiers must be well 
balanced. Where they are not well bal- 
anced, shifting the phase of successive 
rectifier units to obtain phase multipli- 
cation will be much less effective. When 
one of the units in a multiphase installa- 
tion is out of service, as for maintenance, 
the effectiveness of phase multiplication 
is reduced, but in only a small number of 
cases has this presented a problem of im- 
portance. 

While phase multiplication is a power- 
ful tool in the larger capacity installations, 
there are still many smaller installations 
of limited number of anodes where it can- 
not be employed. The only presently 
available method of controlling harmon- 
ics, other than phase multiplication, is 
some form of frequency selective device, 
Most of these devices have consisted of 
several resonant shunts or of a series re- 
actor and shunt capacitor, per phase. 
The use of series reactors increases the 
voltage regulation of the rectifier unit 
which must be taken into account in 
many cases. Resonant shunts involve 
precision tuning and, where several shunts 
are used per phase, may involve special 
mounting arrangements. 


Inductive Co-ordination 


Ee ee Pat | Wea) | eae | 
Bac Ot tick aes) i vad - 
OU ee ON ag 


wt? 


With the more extensive use of power prey 
factor correction capacitors on power sys- : 
tems, a somewhat different approach to. as s 
the frequency selective device design 
problem may, in some cases, be advanta- 
geous. This approach is first to consider a 
what capacitor installations have been ny) 
made or can be justified for power reasons 
and next to consider whether they will, or 
can be made to, produce harmonic con- — 
trol. For example, if a fairly large block © 
of capacitors can be justified for power =~ 
reasons at or near the rectifier location, | cs 
they may be adequate alone, as has been 
the case in several large metallurgical 
rectifier installations, or coils to tune the 
entire bank broadly or to tune parts of — 
the bank to particular frequencies might . 
be added. Thesamething might bedone  — 


with capacitors at a supply substation bus : 


if harmonic currents in the direct feeder 
are not important. In any such installa- 
tions—whether equipped with tuning 
coils or not—the chances of adverse res- 
onance at the lower harmonic frequencies 
need to be considered. In general, the 
reduction in I-T and voltage TIF would 
not be expected to be as large with the 
broadly tuned arrangement as with sev- 
eral sharply tuned resonant shunts, but 
in view of its very low cost (assuming the 
capacitors would be available, anyway), 
it may be advantageous in some cases, 
particularly where large reductions are 
not needed, 

The extent to which other measures 
can be substituted in place of control of 
the rectifier harmonics in a specific case 
depends on many circumstances which, 
cannot be described in detail here. How- 
ever, a few of the more general consider- 
ations can be given, namely: 


1. Situations where the effect of the recti- 
fier is confined to the feeder between the 
source of supply and the rectifier offer the 
best field for the use of measures other than 
harmonic control, or a combination of these 
measures with a moderate degree of har- 
monic control. 


2. Incases where the effect of the rectifier 
spreads beyond the feeder, but only to a 
limited extent, the same situation exists, 
although the advantage of reducing the har- 
monics is greater because of the greater un- 
certainties as to conditions in the future. 


83. In cases where the effects spread over 
wide areas and involve numerous power 
distribution systems, it is almost hopeless to 
attempt to correct induction conditions 
without limiting the harmonics at the recti- 
fier. 


Installations Using Substantial 
Amounts of Phase Control 


For installations employing substantial 
amounts of phase control at rated load, 
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Figure 9. Six-phase rectifiers 


Figures9,10,11. I-T per kilovolt-ampere on 
1-kv circuit for 6-, 12-, and 24-phase rectifiers 
with different amounts of phase control 


For 60-cycle systems 

|z=actual d-c load current 

lap =rated d-c load current 

Total %X,=per cent commutating reactance 

of rectifier transformer bank and supply sys- 

tem on rectifier transformer bank kilovolt- 
ampere base 

a=phase control angle of retard 

A=amount of phase control or per cent volt- 


age reduction below output voltage with. 


zero phase control (A=1— cos a) 


To find |-T 


1. Determine the value of Ig/lg; times total 

%X, for the particular load under considera- 

tion. Where the I-T for the rated capacity 
only is desired, total %X, is used directly 


9. From the curve for the appropriate number 
of phases and amount of phase control, deter- 
mine the |-T per kilovolt-ampere 


3. Multiply the I-T per kilovolt-ampere read 

on the curves by the actual kilovolt-ampere 

and divide by the phase-to-phase line voltage 

in kilovolts. This is the estimated. phase |-T. 

Actual kilovolt-amperes can be obtained by 

multiplying rated kilovolt-amperes by the 
ratio Ia/la, 
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Figure 11. 


Figures 6 and 7 cannot be used to obtain 
I-T products and voltage TIF’s. How- 
ever, I-T products can be estimated from 
Figures 9, 10, and 11 which show I-T per 
rectifier kilovolt-ampere on a 1-kv line 
with various amounts of phase control, 
for 6-, 12-, and 24-phase installations, re- 
spectively, operating in a balanced man- 
ner. Voltage TIF can be estimated by 
using Figures 12, 13, and 14, which show 
voltage TIF per per cent power source re- 
actance on rectifier transformer kilovolt- 
ampere base, with various amounts of 
phase control, for 6-, 12-, and 24-phase 
installations, respectively, operating in a 
balanced manner. 

To illustrate the use of these curves, 
consider the example discussed under 
“Procedure in Classifying Proposed In- 
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Se TIMES TOTAL %Xc 


Twenty-four-phase rectifiers 


stallations” (see Figure 8), but assume ten 
per cent phase control at rated output 
voltage and current. The I-T product 
on the direct feeder A and the voltage 
TIF on B will be estimated: 


1. The rectifier transformer kilovolt-am- 
peres required for this rating will be (see 
equation 1) 


(100+-10)2,000 


1.15 
2 100 


=2,530 kva 


2. The parallel reactance of the generator 
and 7; on the rectifier transformer kilovolt- 
ampere base will be 0.47 (2,530/2,300) = 
0.52 per cent (equation 4). 


3. The line reactance (X4) on rectifier 
transformer kilovolt-ampere base will be 
1.53 (2,530/2,300) =1.7 per cent. 


4. The total %X,=0.52+1.7+6.2=8.4 
per cent. 
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Figure 13. Twelve-phase rectifiers 
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Figure 12.  Six-phase rectifiers 


Figures 12,13, 14. Woltage TIF per per cent 

reactance of power source for 6-, 12-, and 

24-phase rectifiers with different amounts of 
phase control 


For 60-cycle systems 

[q= actual d-c load current 

lar= rated d-c load current 

Total %X,=per cent commutating reactance of 

rectifier transformer bank and supply system on 

rectifier transformer rated kilovolt-ampere base 

a=phase control angle of retard 

A=amount of phase control or per cent volt- 

age reduction below output voltage with 
zero phase control (A=1— cos a) 
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Figure 14. Twenty-four-phase rectifiers 


To find voltage TIF: 


4. Determine the value of Ja/la, times 
total %X, for the particular load under con- 
sideration. Where the TIF for the rated capac- 
ity only is desired, total %X, is used directly 


9. Determine the per cent power source re- 
actance on the base of actual rectifier kilo- 
volt-amperes. For partial load, this can be 
found by multiplying source reactance on the 
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base of rectifier transformer rated kilovolt- 
amperes by the ratio /¢/lar 


3, From the curve for the appropiate number 

of phases and amount of phase control, deter- 

mine the voltage TIF per per cent source react- 
ance 


4, Multiply the value read on the curves by 
source reactance found in step 2. This is the 
estimated voltage TIF 
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MAGNETIC FLUX 


5. From Figure 9, the I-T per kilovolt-am- 
pere on a 1-kvy circuit for total %X-, of 


8.4 per cent,i# /equal to one, and phase con- 


ar 
trol of ten per cent, is about 410; or on a 


13-kv circuit, it is 410/13=32. The total 
I-T on feeder A is then 322,530 =80,000. 


6. From Figure 12, the voltage TIF per 
per cent power source reactance is about 120. 
The total per cent power source reactance to 
point B is 0.52+1.7=2.2 per cent. The 
estimated voltage TIF at point B is, then, 
120 X2.2=260. 


To illustrate the method of obtaining 
I-T products and voltage TIF’s at partial 
load, suppose it is desired in the example 
just illustrated (that is, the same as Fig- 
ure 8 but with a 2,530-kilovolt-ampere 
rectifier transformer) to find the condi- 
tions at a current output of 0.6 times rated 
output, but with 15 per cent phase con- 
trol at this load. Proceed as follows: 


il 1a of x= 0.6X8.4=5.0 percent. 
Lar 

2. I+T per kilovolt-ampere on 1-kv circuit 
with 15 per cent phase control is (from 
Figure 9) about 530. On a 13-kv circuit, it 
would be 530/13=41. The kilovolt-am- 
pere input can be taken as 2,530X0.6= 
1,520. The total I-T on the feeder is 
1,520 X41 =62,000. 


3. The voltage TIF per per cent power 
source reactance is (from Figure 12) about 
163. To estimate voltage TIF at point B 
in Figure 8, multiply per cent power source 
reactance by 0.6; that is, 0.6*2.2=1.3. 
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Figure 15. Nature 
of electric induction 


orn sb 


Figure 16. Nature 
of magnetic induc- 
tion 


Next, multiply by 163, that is, voltage 
TIF at B equals 1.8163 =212. 


Figures 10, 11, 13, and 14 assume bal- 
anced operation between the 6-phase 
units making up the 12- and 24-phase in- 
stallations; that is, it is assumed that the 
d-c loads are equal, that the voltages of 
the d-c transformer windings on all units 
are identical, that the differences in phase 
control between units are small and that 
the harmonic voltages on the power sup- 
ply system are too small to result in un- 
balances. If the d-c winding voltages of 
the rectifier transformers differ between 
units (which may be caused by operation 
on different transformer taps) and differ- 
ent amounts of phase control are used, the 
curves no longer give accurate results, 
even if the d-c loads are balanced. Under 
such conditions, the suppression of the 
“normally suppressed” harmonics is likely 
to be impaired and partial suppression of 
“normally unsuppressed’’ harmonics may 
occur. 


Other Forms of 
Conversion Equipment 


Co-operative investigations have been 
made in connection with two installa- 
tions of large frequency changers con- 
necting 60-cycle and 25-cycle 3-phase 
systems.!°°® Tests have also been made 
on two installations of equipment for con- 
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verting from 3-phase 60 cycles to single- 
phase at a frequency on the order of 1,000 
cycles.% The test results indicate that 
the methods outlined herein can be ap- 
plied in connection with such installations 
without large error. ' 

Data are not available for estimating 
I-T products and voltage TIF’s for other 
forms of conversion apparatus, such as 
electronically controlled.motors. It ap- 
pears, however, that where the power sup- 
ply to such devices is balanced 3-phase, 
estimates made along the lines discussed 
herein would provide at least a good start- 
ing point in studies. © 

The inductive effects of single-phase 
rectifier installations are subject to much 
wider variations than 3-phase installa- 
tions, and the methods outlined herein 
cannot be applied to such installations. 


Appendix |. Fundamentals of and 
Terms Used in Noise Frequency 
Co-ordination Work 


In this appendix, fundamentals of and 
terms used in noise frequency inductive co- 
ordination work are discussed. 


Electric and Magnetic Induction— 
Coupling 


Voltages induced on telephone circuits by 
power circuit voltages are said to be caused 
by electric induction; voltages caused by 
power circuit currents are said to be the 
result of magnetic induction. These forms 
of induction exist independently and must 
be so treated. 

The process of electric induction in its 
simplest form is shown in Figure 15. The 
power wire has on it a harmonic voltage E 
to ground. 


1. Between the power wire and a nearby tele- 
phone wire, electric coupling, represented by ca- 
Pacitance Cpr, exists. The magnitude of this 
capacitance is directly proportional to length of ex- 
posure and increases as separation between the 
wires decreases. Its impedance is inversely pro- 
portional to frequency. 


2. The telephone wire has finite impedances to 
ground, Z4 and Zg,.outside the exposure. These 
impedances are usually much smaller than the im- 
pedance of Cpr. The current to the telephone wire 
is therefore controlled by Cp7; it is directly propor- 
tional to the coupling and to frequency and magni- 
tude of E. The voltage on the telephone wire is the 
current through Cpr times Z4 and Zp in parallel; 
it is roughly proportional to coupling and frequency. 


The magnetic induction process in its 
simplest form is shown in Figure 16. 


1. A mutual reactance, or magnetic coupling, exists 
between the power wire and the nearby telephone 
wire by virtue of the fact that the magnetic flux as- 
sociated with the power wire current links the tele- 
phone wire. The total amount of flux (per unit of 
power wire current) which links the telephone wire 
is proportional to length of exposure and increases 
as separation is decreased. 


2. The voltage e induced along the telephone wire 
is proportional to the total flux which links it and 
is also proportional to frequency. The current in 
the telephone wire is this voltage divided by 
(ZA+ZB). The voltage to ground at one end of 
the exposure is this current times Z4; at the other, 
times ZB. 
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Figure 17. TIF weightings 


Voltage TIF and I-T Products 


The frequencies in human speech range 
from the order of 125 cycles to upwards of 
10,000 cycles per second. A much narrower 
band of frequencies is sufficient to carry on 
a satisfactory conversation and most tele- 
phone circuits are designed to transmit such 
a narrower band. 

Each harmonic voltage or current in a 
power system induces a voltage of the same 
frequency in a paralleling telephone circuit 
which, in turn, may actuate a telephone re- 
ceiver and catise an audible sound. The 
composite of the sounds of all such fre- 
quencies present usually results in a hum- 
ming sound commonly called noise. Differ- 
ent frequencies in this noise have different 
interfering effects”: depending on the 
characteristics of the telephone circuits, 
receiver, the human ear, and other factors; 
relative interfering effects are called noise 
weightings and have been ascertained by 


RECTIFIER (AND 
RECTIFIER 
TRANSFORMER) 


Figure 18. Production of ground-return |-T 
by balanced voltage acting on unbalanced 
power circuit 


The situation shown is for a multigrounded 
neutral circuit, but comparable effects occur 
with 4-wire unigrounded or 3-wire circuits 
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extensive tests. The composite of the noise 
voltages in the circuit can be measured by 
means of a noise measuring set which con- 
tains networks having frequency-transmis- 
sion characteristics in accordance with the 
noise weightings, and a meter which adds 
components as the square root of the sum of 
the squares. 

Since the effects of both electric and mag- 
netic coupling are directly proportional to 
frequency, the relative noise influence of 
voltages and currents on the power system 
is proportional to the product of noise 
weighting and frequency. For any fre- 
quency, this product (times a constant) is 
known as TIF (telephone influence factor) 
weighting. TIF weighting curves as func- 
tions of frequency are shown in Figure 17. 

There are three different sets of TIF 
weightings which reflect changes in trans- 
mission-frequency characteristics of tele- 
phone circuits and instruments over a long 
period, namely: 


1. The “1918” weightings. These were known as 
telephone interference factor weightings, and this 


SINGLE- PHASE 
LOAD 


name is still used to distinguish them from the 
later weightings which are called telephone in- 
fluence factor weightings. 


2. The “1935” weightings. 28 


3. The tentative. “1941” weightings, These 
weightings have not been standardized yet. 


The very small weightings of 60 cycles 
explains why, from the noise frequency in- 
duction standpoint, only the harmonics are 
of interest. q 

While much induction work is carried 
on on the basis of individual harmonics, it 
frequently is desirable to use an over-all 
measure of the influence of a current or a 
voltage in a power circuit. This over-all 
measure is obtained by multiplying the . 
magnitude of each harmonic present (am- 
peres, for current; kilovolts for voltage) by 
its TIF weighting, and taking the square 
root of the sum of the squares of these prod- 
ucts. The result is, for current, I-T 
product; for voltage, KV-T product. 
These products can be measured directly 
by the use of a noise measuring set and a 
TIF coupler, the latter having a transmis- 
sion-frequency characteristic directly pro- 
portional to frequency. So-called TIF 
meters also can be used. 


Balanced, Residual, and Ground 
Return Currents and Voltages 


Suppose in Figure 16 there were another 
power wire very close to the one shown there 
and that it carried a current equal and op- 
posite to the current in the original wire; 
such a set of currents would be called bal- 
anced. The flux cutting the telephone wire 
then would be only the difference between 
the fluxes at that point arising from the cur- 
rents in the two power wires. If the sepa- 
ration between the power wires were small, 
this difference would be small and hence the 
coupling would be small as compared to that 
for current which goes out on one or more 
wires and returns through the earth, that 
is, ground return current. 

A similar analysis with respect to voltages 
would indicate the same conclusions. 

For a power circuit of any number of 
phases and wires, the following terms ap- 
ply: 


1. Ground return current is the vector sum of the 
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actual currents in all the wires of the circuit. 


2. Residual current is the vector sum of the 
actual currents in the phase wires. In a 3-phase 
8-wire circuit, residual and ground return currents 
are the same. In a 4-wire 3-phase circuit, part of 
this residual current may stay in the neutral wire, 
and the influence of this part is about the same as 
if it were balanced. Ina 2-wire circuit consisting of 
an extension of a phase wire and neutral of a 3- 
phase 4-wire circuit, phase and residual current are 
the same; part of this residual current is ground 
return. 


8. Balanced currents are those components of the 
actual phase currents whose vector sum is zero. 


4, Residual voltage is the vector sum of the volt- 
ages between phase wires and earth. 


5. Balanced voltages are those components of the 
actual phase-to-ground voltages whose vector sum 
is zero. 


The over-all influence of any one of these 
components is measured by its I-T or KV-T 
product. For distribution circuits, and in 
many cases for transmission circuits, over- 
all influence is controlled by ground return 
I-T, or residual KV-T. In dealing with 
voltages of known magnitude, voltage TIF is 
frequently used instead of KV-T; it is 
KV-T divided by voltage in kilovolts. For 
residual voltages on 38-phase generators, 
residual component voltage TIF is some- 
times used; it is one third residual KV-T 
divided by phase-to-neutral voltage. 

In a 3-phase circuit with no single-phase 
extensions or loads, the ground return I-T 
and the residual KV:T are usually small 
except for triple harmonics (third and odd 
multiples thereof). If, however, there are 
single-phase taps or loads, ground return 
harmonic currents can occur even though 
the harmonic voltages are impressed in a 
perfectly balanced manner, as by a rectifier. 
The conditions leading to this effect are 
shown in Figure 18. Here is shown a feeder 
from a power source to a rectifier; there is 
a single-phase extension. For simplicity in 
explanation, a multigrounded neutral cir- 
cuit is shown; comparable effects may occur 

_With unigrounded neutral or 3-wire cir- 
cuits as explained later. 

As explained in “‘Nature of Problem” in 
the main body of this report, the harmonic 
currents produced by the rectifier load flow 
through the phase wire reactances and pro- 
duce harmonic voltages. The harmonic 
voltage-to-neutral thus caused at point A 
in Figure 18 is impressed on the single- 
phase tap. Capacitance exists between the 
phase wire in the tap and the neutral (Cy) 


and between the phase wire and ground 
(Cs). The'load likewise presents a finite 
impedance between the phase wire and the 
neutral and ground in parallel. Harmonic 
currents flow through the capacitance and 
load impedances. Part of this current flows 
in the neutral wire (about 40 per cent in the 
usual case) and part in the ground (usually 
about 60 per cent). The ground current 
returns to the power circuit via the neutral 
ground on the supply transformer bank. 
Thus on the tap itself and on the portion of 
the 3-phase circuit between the tap and the 
power source, there is ground return har- 
monic current. Harmonic currents through 
single-phase loads connected directly to the 
3-phase line produce ground return harmonic 
current in a similar fashion. In an actual 
circuit, there are usually numerous single- 
phase taps and single-phase loads; ground 
return current can circulate between one 
tap or load and other taps or loads, so that 
the ground return I-T is likely to be differ- 
ent at different places along a 3-phase circuit. 

That comparable effects can occur on long 
unigrounded neutral or 3-wire circuits can be 
shown as follows: 


1. Consider first a 4-wire unigrounded neutral 
circuit with a single-phase tap. Imagine that, in 
Figure 18, all grounds on the neutral are removed 
except the one at the power supply bank and series 
inductances and shunt capacitance are distributed 
along the neutral as well as the phase wires. Har- 
monic current can still flow through the capacitance 
between the phase wire and ground; this current is 
ground return. Furthermore, under some condi- 
tions, substantial voltages to ground can exist on 
the neutral at harmonic frequencies; they may cause 
harmonic currents through the neutral-to-ground 
capacitance, and these currents are ground return. 


2. On a 3-wire circuit, the single-phase tap would 
be connected to two of the phase wires. Harmonic 
currents can flow through the capacitances to 
ground from both phase wires and become ground 
return. Even if there is no neutral-to-ground con- 
nection at the power supply bank, these ground re- 
turn currents can exist; they return to the system 
through the capacitance to ground of the remaining 
phase wire in other parts of the system. 


As a general rule, overhead urban distri- 
bution systems are so short that the ca- 
pacitances can be neglected. Ground return 
current can occur in such systems only if the 
neutral is multigrounded. Rural systems, 
however, are usually long enough so that the 
harmonic currents through the capacitance 
are frequently controlling; substantial 
ground return I-T can occur regardless of 
whether or not a neutral wire is present or 
where or how the system is grounded. 
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and capacitive react- 
ancesof typical trans- 
mission line 
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There are three other methods by which 
ground return harmonic current can be 
caused by balanced impressed harmonic 
voltages or currents (as by a rectifier), 
namely: 


1. The currents in the phase wires magnetically in- 
duce voltages along the neutral or ground wire. If 
the phase wires are not disposed symmetrically with 
respect to the neutral, the voltages induced along 
the neutral wire by the balanced currents in the 
three individual phase wires will not be equal. The 
vector sum can, in a multigrounded neutral circuit 
or a transmission circuit equipped with a ground 
wire, cause current to circulate between the neutral 
or ground wire and ground; this current is ground 
return. This effect usually is important only in 
cases where the circuit is very well balanced other- 
wise. 


2. Ona multigrounded neutral urban circuit with 
capacitors, small differences between the reactances 
of the individual phase wires can cause substantial 
ground return harmonic current if the capacitors 
and circuit are very close to resonance at one of the 
harmonic voltages present. This phenomenon is 
discussed more fully in Appendix IT. 


3. In some cases the minor differences in the re- 
actances of the phase wires can cause ground return 
harmonic currents even in the absence of capacitors. 
Such ground return currents can occur only when 


(a). The circuit is long enough to permit appreci- 
able currents through the natural capacitances, or 


(b). There are two or more transformer bank neu- 
tral-to-ground connections between which the 
ground return current can circulate. 


Metallic and Longitudinal 
Telephone Voltages and 
Currents—Susceptiveness 


Assume that in Figure 16 another tele- 
phone wire is added parallel and close to the 
first. The second wire will be linked by 
nearly the same flux as the first, and the dif- 
ference in the voltages along the two wires 
will be a small fraction of that along either 
one. If these two wires are used as a metal- 
lic telephone circuit, the noise voltage acting 
around this circuit will be a small proportion 
of that which would act in a telephone cir- 
cuit consisting of one wire with ground re- 
turn, that is, a ground return circuit. 

Thesame analysis could be carried through 
for electric induction with the same con- 
clusions. 

Thus in a metallic telephone circuit, there 
is longitudinal circuit induction which is the 
voltage along or to ground on the conductors 
in parallel, and direct metallic circuit induc- 
tion, which is the difference between the 
voltages along or to ground on the two wires, 
the direct metallic circuit induction being 
much the smaller. 

Direct metallic circuit induction can be 
reduced still further by transposing the tele- 
phone circuit, that is, interchanging the 
positions of the conductors periodically so 
that the voltages on both tend to be equal. 
In open wire circuits the reduction obtain- 
able, while large, is limited by unavoidable 
irregularities in exposure conditions. In 
cable circuits the pairs are twisted so as to 
be continuously transposed, and direct 
metallic circuit induction can be neglected. 
In addition, the telephone cable sheath pro- 
vides practically perfect shielding against 
electric induction if grounded at one or more 
points, and it provides some shielding 
against magnetic induction if grounded at 
both ends, the degree of shielding being 
limited by the resistance of the sheath and 
of the grounds. 

Longitudinal circuit induction can cause 
noise in a metallic circuit by acting on tele- 
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Figure 20. Sending-end phase-to-neutral im- 
pedance of typical transmission line with far 
end open and short-circuited 


Sending-end inductive reactance 
=+jX 
Sending-end capacitive reactance 


wax 


Impedances are for condition of no losses in 
circuit. For effect of losses, see text 


phone circuit unbalances. These unbal- 


ances are of two types: 


1. Series impedance unbalances, that is, differ- 
ences in the impedances of the two wires of the 
circuit. 

2. Shunt admittance unbalances, that is, differ- 
ences in the admittances between the two wires of 
the circuit and ground. 


Unbalances can occur in line, station, or 
central office equipment. Typical types of 
unbalances in these three locations are: 


1. Lines. Series unbalances may be caused by 
imperfect joints or by variations in cross section or 
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composition of the two conductors of a circuit. 
Shunt unbalances may be caused by such things as 
missing insulators, foliage touching the wires, 
transposition irregularities, and unbalances in ca- 
pacitance to ground in cables. 


2. Stations. Shunt unbalances only need to be 
considered. The principal unbalance is the ringer- 
to-ground connection used for party-line ringing. 
Its magnitude depends on the impedance of the 
ringer and ‘the details of the subset connections. 


8. Central office. Series unbalances can occur on 
account of unbalances in relays used for supervision, 
differences in capacitance of condensers used to 
block direct current paths, and so forth. Shunt 
unbalances may be caused by differences in the in- 
ductances of relay, retard or repeating coil windings 
connected between the wires and ground, differences 
in the capacitances to ground of wires, repeating coil 
windings, and other factors. 


The degree to which a telephone circuit 
can be affected by given extraneous electric 
and magnetic fields is called its susceptive- 
ness. Susceptiveness depends on such things 
as balance and adequacy of transpositions, 
and on the frequency response of the cir- 
cuits and instruments and the level (magni- 
tude) of the telephonic current and voltages 
at the point where the exposure exists. 
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It is theoretically possible to have power 
circuits with practically zero influence (for 
example, by having no harmonics), they 
would not cause noise in any telephone cir- 
cuit regardless of its susceptiveness. It is 
theoretically possible to have telephone cir- 
cuits of practically zero susceptiveness (for 
example, by having perfect balance and 
transpositions); they would not be noisy 
regardless of the influence of nearby power 
circuits. Also, of course, if the power and 
telephone systems were separated by large 
distances, the coupling, and hence the noise, 
would be negligible. None of these methods 
is practicable, in general, in the present 
state of the art. The practical job of noise 
frequency inductive co-ordination consists 
of so controlling coupling, influence, and 
susceptiveness within practical limits that 
telephone circuit noise is controlled ade- 
quately at minimum cost and maximum 
satisfaction to both power and telephone 
customers. 
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Appendix Il. Propagation of 
Harmonic Currents and Voltages 


Line Characteristics 


For short feeders between a source of 
power supply (generator or substation) and 
a rectifier installation, only the inductive 
reactances need be considered in estimating 
harmonic voltages and currents. But for 
jonger circuits such as transmission or rural 
distribution circuits, the capacitances be- 
tween the different wires and between the 
wires and ground must be taken into ac- 
count when dealing with harmonic fre- 
quencies. 

Why the capacitances associated with the 
wires have a greater effect at harmonic fre- 
quencies than at 60 cycles can be shown by 
considering the constants of a typical trans- 
mission line as illustrated in Figure 19. 
Here are shown the series inductive react~- 
ances and shunt capacitive reactances on a 
phase-to-neutral basis for such a line 
(Figure 19A) at 60 cycles and (Figure 19B) 
at the twenty-fifth harmonic. It can be 
seen that at 60 cycles the shunt capacitive 
reactances are very large compared with the 
series inductive reactances; a line of short 
or moderate length can be considered simply 
as consisting of 70.8 ohm per mile. But 
at the twenty-fifth harmonic, the series im- 
pedances are increased 25 to 1, and the shunt 
impedances are decreased 25 to 1. At the 
twenty-fifth harmonic, the total series im- 
pedance becomes as large as the total shunt 
impedance in 19.1 miles of line (that is, 
19.120 =382 =7,300/19.1), whereas in the 
case of 60 cycles, this equality does not occur 
until the line is about 480 miles long. 

To obtain an idea of how, quantitatively, 
this difference affects line performance, con- 
sider Figure 20, which shows the sending- 
end impedance of a typical transmission 
line with the far end open and with it short- 
circuited, as a function of length and fre- 
quency, neglecting losses. These curves are 
computed from the formulas: 


Sending-end impedance with far end open 
=—jZ,cot 0 
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VOLTAGE OR CURRENT RATIO 


LENGTH OF LINE—KILOCYCLE-MILES 


Figure 21. Ratio of current at far end to cur- 

rent at near end with far end short-circuited and 

ratio of voltage at far end to voltage at near 
end with far end open 


Ratios are for condition of no losses in circuit. 
For effect of losses, see text 


Sending-end impedance with far end short- 
circuited =jZ, tan 6 
where 


Z,=characteristic impedance to neutral 
(380 ohms in the example) 

@=line angle (or phase shift) in degrees= 
frequency times length times 360 di- 
vided by velocity of propagation 


. Since, in a smooth circuit without losses (a 
good approximation for power transmission 
circuits at harmonic frequencies), the veloc- 
ity is independent of frequency, the curves 
can be plotted using length times frequency, 
that is, kilocycle-miles, as abscissas.* For 
example, a 100-mile line at 60 cycles is 
0.06 kilocycle times 100 miles =6 kilocycle- 
miles; a 20-mile line at 1,500 cycles is 30 
kilocycle-miles, and so forth. For such lines 
the velocity is about 180,000 miles per 
second. 

With a velocity of 180,000 miles per 
second, 0, or phase shift, is two degrees per 
mile per kilocycle, which can be derived as 
follows: 


180,000 mil 
Wave length at frequency f= Saree 
Wave length =360 degrees 
180,000 
Whence ———— miles = 360 degrees 
360 f if 

Degree: ile=——— = 2° XK 

a 80,0002 1,000 


If f is in kilocycles, degrees per mile =two 
degrees times f (in kilocycles). 
It will be noted from Figure 20 that 


1. With the far end open, the impedance looking 
into the near end is capacitive reactance up to 45 
kilocycle-miles; with the far end short-circuited, 
it is inductive reactance up to that length. Above 
45 kilocycle-miles, the signs are reversed. 


* That frequency and length can be combined is also 
obvious from the fact that the inductive reactance 
as well as the capacitive admittance (reciprocal of 
reactance) are directly proportional to length and 
frequency. 
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2. At 22.5 and 67.5 kilocycle-miles, the imped- 
ances with the far end open and short-circuited are 
the same in magnitude but opposite in sign. 


8. At 45 kilocycle-miles, the impedance with the 
far end open is very low; with the far end short-cir- 
cuited, it is very high. That is, at this length a 
short circuit on the far end tends to look like an 
open circuit at the near end; an open circuit at the 
far end tends to look like a short circuit at the near 
end. Actually, the near end impedances would go 
to zero or infinity except for the losses in the cir- 
cuit. The significance of 45 kilocycle-miles is that 
it is “quarter wave length.”” That is, 452 degrees 
=90 degrees, which is one quarter of 360 degrees. 
The effects at this length are sometimes referred to 
as ‘‘natural line resonance” because a line of this 
length with the far end open looks from the sending 
end like a series resonant circuit; with the far end 
short-circuited, it looks from the sending end like 
a parallel resonant circuit. 


Another factor of importance in consider- 
ing propagation is what happens to har- 
monic currents and voltages as they traverse 
the line from the sending-end to the far end. 
Figure 21 shows, for the same line as used in 
Figures 19 and 20, the ratio of voltage at the 
far end to that at the near end with the far 
end open, and the ratio of current at the far 
end to that at the near end with the far end 
short-circuited. This curve is based on the 
formula 


1 
cos 6 


where 


R=ratio of voltage at far end to that at 
near end with far end open, or ratio 
of current at far end to that at near 
end with far end short-circuited. 
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(A) SERIES RESONANCE 


@=line angle in degrees = two degrees time: 
kilocycle-miles. 


The abscissas are again in terms of kilocycle-_ 


miles. It is of some interest to note that 


these two ratios are shown by the same 
curve, that is, the voltage ratio with the far 
end open is the same as the current ratio 


with the far end short-circuited. The quar- 
ter wave length effect is again evident. 

Here again the difference between the 
way a line performs at 60 cycles and at har- 
monic frequency may be noted. Consider 
a line 50 miles long with the far end open. 
The data for a few typical frequencies are 
set down in Table XI. 

In most practical cases the far end of a 
line is not open nor short-circuited. While 
the treatment of the general case is beyond 
the scope of this appendix, it may be said 
that for transmission circuits the impedance 
at harmonic frequencies across the far end 
is frequently almost pure inductive or ca- 
pacitive reactance. In such cases the effects 
shown in Figures 20 and 21 occur, but for 
different line lengths than shown there. 


Equipment 
Transformers and rotating machinery 
present almost pure inductive reactances; 


the impedance at harmonic 7 is very closely 
equal to m times the 60-cycle impedance 


Table XI 


Ratio of Far Sending- 
End Volts to End 
Kilo- NearEnd Impedance 


Har- Fre- cycle- Volts (From (From Fig- 
monic quency Miles Figure 21) ure 20) 
p KA Se GOu.c Seiters cies ake 1,006... <<< —j3,650 
Te. 420.2 555 a a ee » ABE es ee —j425 
5 OT Ee RLY ae ae Tae ol Oe 784 
BO clthe 2 1500 ss Wosaweae PIS Se + j660** 


* Obtained from fact that the ratio for L kilocycle- 
miles is the same as the ratio for (90-L) kilocycle- 
miles, that is, the ratio for 75 kilocycle-miles is the 
same as the ratio for 15 kilocycle-miles. 


** Obtained from the fact that sending-end im- 
pedance with far end open of a line L kilocycle- 
miles long is the same as sending-end impedance 
with far end short-circuited of line (L-45) kilocycle- 
miles long, that is, sending-end impedance with far 
end open of line 75 kilocycle-miles long is the same 
as impedance with far end short-circuited of line 
30 kilocycle-miles long. 
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‘ “aes fen up or step down im- 
pedances by the square of the turn ratio; 
= that i is, if an impedance Z is connected to the 
side of a transformer having a voltage 
4 ‘io K, it appears when looking through the 
transformer from the high side as ZK?. 
Where transformers are used, the imped- 
ances of equipment on one side can be 
transferred to the other either by computing 
them as if they were actually operated on the 
desired voltage base or by computing them 
on their own voltage base and multiplying 

by the square of the transformer ratio. 


“Resonance Between 
‘Equipment and Lines 


It has been noted in Figure 20 that over 
_ comparatively wide ranges of frequency 
times length, the sending-end impedance of 
lines is capacitive reactance. Since the re- 

actance of transformers and rotating ma- 

chinery is inductive, it is not uncommon to 
find a frequency at which the reactances of 
_ the apparatus and the line are equal and op- 
- posite. 

‘When equal and opposite reactances are 
connected together, a condition known as 
“resonance” occurs. Two variations of 
resonance can be recognized, that is, series 
resonance and parallel resonance, as il- 
lustrated in Figure 22. There it is shown 
that: 


1. For series resonance, the current through and 
the voltages across the inductive and capacitive re- 
- actances are limited only by the resistance in the 
circuit. Thus, in a low loss series resonant circuit, 
large voltages and currents can occur even with 
relatively low impressed voltage. 


2. For parallel resonance, the current in the re- 
active elements is equal to the impressed voltage 
divided by the reactance of the element. The volt- 
age across the circuit does not exceed the internal 
voltage of the source. Consequently, large currents 
can occur only when the internal voltage of the 
source is high or the reactances of the elements are 
low. On the other hand, the current through and 
the voltage across the reactive elements are rela- 
tively unaffected by the internal resistance of the 
source. 


In Figure 23 are shown examples of pos- 
sible resonance conditions which may be 
set up at a harmonic frequency between the 
inductive reactance of equipment and the 
capacitive sending-end reactance of lines. 
It is assumed that the source is putting out 
a harmonic of the resonant frequency. 

Rotating machinery and transformers 
usually have low internal resistance so that 
substantial increases in harmonic voltages 
and currents at particular frequencies can 
be caused by either of the types of situation 
illustrated. Transmission lines with har- 
monics put on at remote points usually also 
act as sources with low internal resistance 
when considering harmonics impressed on 
distribution systems. This is because 


1, The impedance looking into a transmission line, 

to which most of the apparatus connected has induc- 
tive reactance, usually has a relatively small re- 
sistive component. 


2. Further, the resistive component (as well as 
the reactive component) is stepped down by the 
square of the transformer ratio when considered on 
the distribution circuit voltage base. 
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Figure 23. Examples of resonance between 
equipment and lines 


On the other hand, the internal resistance 
of a rectifier, considered as a source of har- 
monics, is significant; the resistance is an 
inverse function of the load. Therefore, ex- 
cept for the larger rectifier installations, 
which are characterized by low internal re- 
sistance, large increases in harmonic cur- 
rents or voltages at the sending ends of 
lines because of resonance are likely to occur 
only in cases of parallel resonance (as in 
Figure 23B). 

Fortunately, most of the resonances en- 
countered in practice are relatively sharp, 
and there is usually no harmonic present of 
exactly the resonant frequency. Conse- 
quently, the increases in harmonic voltage 
and current because of resonance are only 


_moderate in most cases, although in rare 


cases these increases may be ten or more to 
one. 

The ratios of harmonic currents and volt- 
ages at the two ends of a line (shown in 
Figure 21) are independent of whether the 
magnitudes at the sending end are affected 
by resonance. 


Rural Distribution Circuits 


Propagation of harmonics over rural dis- 
tribution circuits differs from that over 
transmission circuits in two importaie re- 
spects: 


1. The impedance presented by load is largely re- 
sistive in series with inductive reactance, the latter 
being caused by the load transformers. At night, 
and sometimes during the day, the load is light and 
the line operates essentially with the far end open. 


2. A large proportion of the line mileage is likely 
to be single-phase, so that the ratio of ground- 
return harmonic current to phase harmonic current 
is much higher than for a transmission line. For 
single-phase multigrounded neutral rural lines, the 
ratio of ground return to phase harmonic current 
is on the order of 0.6; for unigrounded neutral or 
delta lines, the ratio is variable and it may be as 
high as unity. 


Because of the facts that over substantial 
periods, rural power lines act as if they 
were open and that the line length is moder- 
ate, the sending-end impedance is likely to 
be capacitive reactance at the frequencies 
of the important harmonics. The sizes of 
transformers used to supply rural lines are 
frequently such that resonance occurs some- 
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where between the fifth and twenty-fifth 
harmonics. During heavier load periods, 
this resonance is considerably damped by the 
load; as a result, the noise influence of a 
rural power circuit usually is substantially 
higher at night than during the periods when 
the load is heavier. 

In dealing with the single-phase branches 


of distribution circuits, it is rather common | 


to use impedance-to-ground instead of im- 
pedance-to-neutral. Impedance-to-ground 
is phase-to-ground voltage divided by 
ground-return current or, conversely, 
ground-return current is phase-to-ground 
voltage divided by impedance-to-ground. 


Figures 20 and 21 can be used to obtain an 


idea of what happens on a single-phase rural 
line with the far end open or short-circuited 
when a harmonic voltage is impressed on it 
by making the following changes: \ 


1. Before using the curves, multiply the actual 


kilocycle-miles by the following factors to take ac- 
count of the lower velocity of propagation: 


WUnigrounded newtral s,s .wisialelslslei ele lalobielelovetsrs 1.3 
Multizgrounded neutral. (.i..ii05 0 on sjcels elute’ re uote 


2. Multiply the ordinates in Figure 20 by about 
two. The ordinates in Figure 21 are unchanged. 


There are many factors affecting the in- 
fluence of a rural power line which cannot 
be discussed here. References 11, 12, and 
23 discuss these matters in detail. 


Urban Distribution Systems 


Overhead urban distribution systems are. 


usually so short that the effect of capacitance 
can be neglected except possibly for un- 
usually long lightly loaded circuits with 
unusually high impressed magnitudes of the 
higher frequency harmonics. Consequently, 
in the absence of capacitors, the only path 
for harmonic currents is through the loads. 
Unlike rural distribution circuits, ground- 
return harmonic current can flow only where 
the neutral is multigrounded. 

Where capacitors are used, they fre- 
quently present lower impedances at har- 
monic frequencies than do the loads. It 
not infrequently occurs that the resonant 
frequency of the capacitors and supply 
transformers and line is between the fifth 
and about the eleventh harmonic. In some 
cases this results in relatively large harmonic 
currents and voltages at one of these fre- 
quencies. In some cases the small differ- 
ences between series reactances of the three 
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phase-wires (because of mutual inductance 
_ between them or between them and a multi- 
grounded neutral) may cause a fairly large 
proportion of this harmonic current to be- 
come ground return. This can beillustrated 
by the following (rather extreme) example: 


1. Assume a 180-kva capacitor bank located two 
miles away on a 4-kv feeder from a 3,000-kva sup- 
ply transformer bank with five per cent reactance. 
- Assume 60-cycle phase-to-neutral impedance as 
follows: . 


Transformers....... sohoasocda jos nse ARE altel 
Line: 
Phase} ha 2s. MOOR TEN Se Jj1.6 ohms 
Phase 2 caroce ss aha Mle pois teenones eens ..--91.65 ohms 
PE LIASE Selec ticle cae ole a islers We aoe es oes ji.71 ohms 
..—j96. ohms 


E: 7 

= Capacitors. /..... Brereieictte 6 8 Adi 
a ’ 

7 

r, 


_ 2. Assume that a seventh harmonic voltage exists 
4 in the circuit impressed with the power supply. 
4a The reactances at that frequency are: 


_ Transformers...... anor: $e seisa eed 2:0) ohms 


Line: 

m Phase l........... qlee meietbae eure Skl-20 Ohms 
A WP hasela era cece whiscreveeve.ses Sade na eons -JLL.6" ohms 
< BEHASelSs... cisleie.e isle leo s.0's sie enisieielny tL 2-0 ohms 


Be Capacitorsy.c.s.c0cccccsscecsscsee—jils.¢ ohms 


Totals are: 

Phase 1 =j13.2—j13.7 = —j0.5 ohm 
Phase 2=j13.6 —j13.7 = —j0.1 ohm 
Phase 3 =j14.0—j13.7= 70.3 ohm 


3. Ifthe harmonic voltages impressed on the three 
phases are equal, it can be seen that (neglecting re- 
sistances) the harmonic current in phase 2 will be 
about five times that in phase 1 and three times that 
in phase 3. Also, the current in phases 1 and 2 lead 
the impressed voltages; in phase 3 it lags the im- 
pressed voltage. The vector sum will be larger than 
the current in any of the phases; about 60 per cent 
of this vector sum will be ground return. 


Examples From Field Experience 


A few examples of situations encountered 
in the field which illustrate some of the fore- 
going principles are outlined: 


1. One of the early large electrometallurgical recti- 
fier installations was operated for a time with several 
12-phase units and one 6-phase unit. The voltage 
TIF on the 154-kv supply at the rectifier was about 
75. After traversing over 150 miles of transmission 
line, passing by a large generating station, and being 
impressed on a rural line, the voltage TIF was close 
to 500. The voltage TIF at numerous places within 
about 200 miles was higher than at the rectifier. 


2. There have been cases where difficulties were 
encountered in the operation of rectifiers because of 
excessive fifth harmonic voltage either because of 
high impedance at that frequency looking out from 
the rectifier because of parallel resonance or because 
of stepup of fifth harmonic voltage arising in other 
sources because of series resonance. 


3. Ina number of cases, large changes have been 
noted at irregular times in the severity of inductive 
exposures (usually involving rural power circuits) 
without any apparent cause. In several of them, 
these changes were finally associated with opening 
or closing of circuit breakers on the transmission line 
network, in some cases literally hundreds of miles 
away. Evidently, changes in propagation condi- 
tions on the transmission system resulting from the 
operation of the breakers were responsible. 


4, In one of the first metallurgical rectifier instal- 
lations to employ a large bank of capacitors, an 
attempt was made to determine the effects on induc- 
tive co-ordination of operation with certain rectifier 
units shut down in the presence of suspected reso- 
nance between the capacitors and the power system 
at one of the frequencies normally suppressed by 
phase multiplication. The attempt was abandoned 
because of difficulties in rectifier operation and 
danger of burning out the capacitors because of large 
currents at the resonant frequency. 


5. One of the sharpest resonance cases encountered 
was between a rural line and the transformer feeding 
it. Here a modest 1,380-cycle voltage was stepped 
up to about 20 per cent of the rms; the 1,380-cycle 
current was larger than the 60-cycle current. 


6. Very large fifth harmonic currents have been 
observed in power factor correction capacitors on 
distribution systems because of resonance, and some 
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cases of capacitor overheating have been observed, 
mainly in installations by power company custo- 
mers and because of resonance with the supply 
transformers. 

7. One of the highest voltage TIF’s on record, 
about 2,500, was caused by about a four to one 
stepup caused by resonance between a small gen- 
erator and transformer and a rural power line. 


Appendix Ill. Examples of Types 


of Situations Studied 


In Table XII a few of the installations 
which have been studied are summarized. 
The examples listed there were chosen to 
represent a number of different types of 
situations. . 

Items A through D are typical of very large 
installations and are included to illustrate 
several factors, namely: 


1. The large advantage of phase multiplication, for 
example, compare examples A and A}, which are for 
the same installation before and after phase multi- 
plication was applied. 


2. The further reduction in influence obtained 
through the use of large banks of capacitors installed 
for power operating reasons (see example B). 


3. Example D illustrates the type of situation 
which occasionally arises where some difficulty may 
be experienced even with 36 phases, particularly 
when one unit is out of service. In this situation, 
during the existence of the unfavorable power lay- 
out, the removal of units for maintenance was con- 
fined as far as practicable to periods of low tele- 
phone traffic. 


Items E, F, G, and H are street railway 
rectifier installations chosen to illustrate a 
range of conditions. Item £ illustrates a 
rather extreme condition in that while most 
factors involved were favorable, there was a 
condition of resonance between an extensive 
cable network and a large generating sta- 
tion which accentuated the seventeenth 
and nineteenth harmonics. Changing to 
12-phase operation greatly reduced these 
harmonics and practically eliminated the 
problem. Items F and G are two similar 
street railway rectifiers installed in the same 
city and supplied over about the same length 
of the same type of feeder. The only differ- 
ence was that in case F the feeder supplying 
the rectifier also supplied an extensive dis- 
tribution system; in case G the feeder ended 
attherectifier. The reason for the unusually 
large values of I-T in these cases is imper- 
fect suppression of the seventeenth and 
nineteenth harmonics in the 12-phase ar- 
rangement. This condition was rather com- 
mon in earlier rectifiers; it is seldom ob- 
served in more recent installations. 

Item H is typical of many thousands of 
kilowatts of street railway rectifiers which 
have produced no problems on the a-c side 
but have occasionally produced problems on 
the d-c side. 

Items J and J are radio station rectifiers 
and are included primarily to illustrate how 
the inductive effects are likely to be in- 
creased when the rectifiers are installed 
away from densely developed areas. A 
larger proportion of radio station rectifiers 
have caused co-ordination problems than 
any other class of installation because of this 
fact. 

Items K and L illustrate again the differ- 
ence in effects of relatively small rectifiers 
depending on location and power system 
couditions. Installation K is one of several 
in a very heavy industrial area and illus- 
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Swaps, P, W. Blye, H. E. Kent. 
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trates the type of situation where harmonic 
control would be desirable if cheaper meth- 
ods were available; the influence and noise 
conditions are on the ragged edge, with little 
margin for future changes. Installation L is 
in a much less heavily developed area. _ 
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| Maintenance of Rectifiers 


on Electrochemical Installations 
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Operating experiences and in- 
formation gained over a period of years 
from the operation of a large group of 
mercury arc rectifiers have shown that, 
while rectifiers provide a very economical 
means of converting from a-c to d-c power, 
they are not entirely trouble free. The 
principal operating difficulty has been the 
seemingly inherent tendency for a rectifier 
to arce-back. This peculiarity has chal- 
lenged both the designer and operator since 
it has been found that both contribute 
toward the solution. The present paper 
presents the features which have been found 
advisable for the operator to observe and 
control in order to keep the occurrences of 
are-back at a minimum. 


Synopsis: 


ARGE INSTALLATIONS of mer- 
cury arc rectifiers in the electrochemi- 
cal industries of the United States made 
their first appearance in 1938 when they 
were installed to supply direct current 
necessary for the production of aluminum. 
With the advent of the war and the de- 
mand for the light electrochemically pro- 
duced metals, large amounts of direct 
current were required so that the develop- 
ment and installation of rectifiers was 
carried on very rapidly. 

The details of the equipment! and the 
nature of the operating problems are well 
known.? Improvement in the operating 
characteristics of this relatively new ap- 
paratus is of interest to operating and de- 
sign engineers. Possibilities for improve- 
ment, especially in the older or multi- 
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anode design rectifiers, are disclosed in 
this paper covering the operating experi- 
ence at one large installation. A broader 
view of remedies available possibly 
might be presented in discussions from 
other operating engineers, covering expe- 
rience in irregular operation somewhat 
different from that of the installations on 
which this paper is based. Experience 
and observations reported cover equip- 
ment operated continuously at full load, 
which is peculiar to the electrochemical 
industry. 

One of the oldest and most troublesome 
problems encountered in rectifier opera- 
tion is the arc-back. Much research has 
been carried out on this problem and some 
improvement has resulted. In the 250- 
volt rectifiers, arc-backs are no longer a 
serious problem. With higher voltages 
the problem still exists to some extent, 
and there remains much to be learned 
about the cause and prevention of arc- 
backs. 

It generally is agreed that the basic 
cause of an arc-back is the formation of a 
cathode spot on the anode. This spot 
destroys the valve action and constitutes 
a short circuit which must be cleared im- 
mediately. While there are several 
known causes for the formation of a 
cathode spot on an anode, a full explana- 
tion has not been found as yet, and it is 
believed that therearestill many unknown 
causes. 


- In the various engineering publications, 
there is a wealth of highly technical data 
and discussion on arc-backs and their 
causes. Such data are available to all 
engineers and are not within the scope of 
this paper. 

The equipment under consideration 
consists of rectifiers used in the produc- 


tion of aluminum. Two rectifiers are. 


served by one transformer, which steps 
13,200 volts down to 560 anode volts. 
The rectifiers covered are of three differ- 


ent types: 


12 anode multianode type 
12 tube ignitrons 
12 tube excitrons 


Figure 1 shows an inside view of one 
station of multianode rectifiers. Figure 2 
shows one of these rectifiers with the 
anode plate assembly removed in order 
to repair a single anode. 

The multianode rectifiers and the ex- 
citrons are of the grid controlled type. 
Voltage control is obtained by applying 
an adjustable negative potential to the 
grid, which correspondingly delays the 
firing of the anode. The ignitrons have a 
grid, but it is not used for voltage control. 
Ignitron voltage control is obtained by 
delaying the impulses to the ignitor. The 
main connections of a transformer and 
its rectifiers are shown in Figure 3. 

Arc-backs are random in nature and 
are unpredictable. Some rectifiers have 
operated a year and a half without an 
arc-back, whereas others have had over a 
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Pa sired i in aa cee of time. There. 
are not sufficient data available to say 


how ‘many such mechanical shocks a 


standard permissible rate of one arc-back 
per month per rectifier. This figure was 
based to some extent upon the rate exist- 
i; ing at the time it was established, but sub- 
sequent experience has indicated that this 
figure can be reduced materially for single- 
Fanode per tank rectifiers. 
_ Agroup of multianode rectifiers showed 
an over-all average of 1.8 arc-backs per 
month per rectifier during the first six 
; years operation. The individual perform- 
“ance over this same period ranged from 
0.6 to 3.0 arc-backs per month average. 
From an operating standpoint, arc- 
backs may be divided empirically into 
two classes, and for the want of better 
_ terms may be called normal and abnormal 
‘arc-backs. Normal arc-backs are those 
which occur during the normal steady 
state operation and for which no cause is 
evident. Abnormal arc-backs are those 
which occur during or after some inter- 
ruption to normal operation, such as re- 
moval from service or abnormal tempera- 
ture or vacuum. 
Some rectifiers, especially the multi- 
anode type, may have a good normal arc- 
back rate and a bad abnormal rate. Thus 
a rectifier may become sensitive or reach 
a condition wherein it operates better 
than par on steady service, but if taken 
out of service for a few hours it may arc- 
back a dozen times within five or six 

hours after having been restored to serv- 
ice. Conversely, some may have a poor 
normal rate but not be sensitive to such 
removal from service. 

The cause for this behavior is not un- 
derstood fully, but possible causes are 
the presence of condensed mercury in the 
vicinity of the anodes or the introduction 
of contamination from the anode shaft 
seals. The latter could result from the 
slight expansion and contraction of the 
shafts from temperature changes. 


Operating Conditions 


The majority of abnormal arc-backs 
are caused by contamination or leaks. 
Other causes are abnormal temperature 
or vacuum and excessively delayed firing 
for voltage control. Also, there are in- 
dications that some arc-backs are caused 
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wi hat constitutes too many arc-backs, ors) 


ransformer will stand. The shock’ ne 


Figure 1. 


by droplets of liquid mercury or mercury 
dew on the anode or other surfaces at 
anode potential. Such arc-backs may 
occur after the rectifier has been out of 
service a short time and has cooled down 
somewhat. For example, there have been 
instances where the rectifier arced back 
as soon as the anodes were energized, 
even though there was no excitation or 
any d-c back feed. Sometimes four or 
five arc-backs would clear the trouble, 
but in other cases the bad anode would 
have to be disconnected for a few hours, 
after which it would operate normally. 

High temperature of cooling water 
tends to cause arc-backs but does not 
seem to be critical, because a good recti- 
fier will permit a considerable increase of 
temperature without apparent bad effects. 
As an experiment a rectifier, whose nor- 
mal jacket water temperature was 52 de- 
grees centigrade, was operated about 24 
hours at a temperature of 95 degrees centi- 
grade without an arc-back. This recti- 
fier, however, was one with a good 
record. A so-called sensitive rectifier 
very likely would arc-back under such 
treatment. 

Shortly after a number of ignitrons were 
placed in service, a very prolific cause of 
arc-backs was found to be the splashing 
of mercury against the grid and anode. 
A small pocket in the bottom of the in- 
dividual tank vacuum valves eventually 
filled with condensed mercury and over- 
flowed down the pipe and against the 
baffle, and some of course went through 
the holes and against the anode itself. 
These arc-backs frequently set off one or 
more additional arc-backs. The accepted 
explanation of this phenomenon is that 
the concussion precipitates the overflow 
of the pockets in other valves. 
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' methods. 


Interior view of one station of multianode rectifiers 


This trouble was corrected by installing — 


internal baffles to prevent the mercury 
from reaching the anode. 


Contamination 


During the assembly of a rectifier, a 
certain amount of foreign material un- 
avoidably is left in the tubes. Such mate- 
rial may consist of dust in the air, lint and 
dirt from workmen’s clothing and wiping 
rags, residue from cleaning fluids, sand- 
blasting, and possibly other cleaning 
New parts and the mercury 
itself may contain some impurities. 

Some materials are much worse than 
others. Oil and grease, for example, are 
particularly bad, and their presence al- 
ways will result in arc-backs. 
other hand, such materials as coarse 
sand, steel shavings, and broken porce- 
lain insulation do not seem to cause much 
trouble. Even the lint from wiping rags 
and clothing does not cause as much 
trouble as would be expected. 

In general, every effort should be made 
to keep the internal parts of rectifiers as 
clean as possible. The manufacturers 
and those industries that use a large 
number of rectifiers find it advisable to 
have a special air-conditioned room for 
opening and repairing rectifiers. Such a 
room should be controlled as to tempera- 
ture and humidity. 

Cleaning fluids, such as pure grade 
benzene (benzol), should be tested before 
using. An easy test is to evaporate 
about a pint and note the residue. If 
there is enough residue to be visible, it 
should not be used. 

Where the various seals are made of 
materials such as rubber or asbestos, a 
certain amount of contamination may 
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come from these seals unless they are 
made suitably. During the war, for in- 
stance, some rubber gaskets were re- 
placed by synthetic rubber. Under the 
influence of heat and vacuum, these gas- 
kets liberated surprising amounts of com- 
pound into the tanks, and caused so 
many arc-backs that overhaul was re- 
quired. 

There has been no trouble which could 
be ascribed definitely to contaminated 
mercury. Such impurities as it may col- 
lect tend to rise to the surface where they 
are easily removed. A clean bright surface 
usually indicates satisfactory condition. 
It appears to be very difficult to make any 
laboratory tests which are any more reli- 
able than visual inspection. Further- 
more, the presence of certain kinds of 
foreign materials does not seem to cause 
any trouble. 

As an experiment, several ignitrons 
were contaminated purposely with cop- 
per, tin, zinc, silver, and alumina (A1,Os), 
only one material, of course, being in each 
tank. 

These materials have been in the recti- 
fiers for periods ranging from seven 
months to a year and have a total of only 
two arc-backs for the five tanks. The 
only one examined to date is the one with 
the copper, which operated nearly a year 
without a single arc-back. Most ofthe 
copper was deposited conspicuously on 
the cooling coil and its support. The 
quartz ring in the mercury was definitely 
copper colored and a faint copper color 
was evident in spots on the grid. The 
scum on top of the mercury showed posi- 
tive traces of copper, and there was some 
evidence of a slight amalgamation of the 
copper in the mercury, although this was 
not certain. : 

Mercury, which is removed from a 
rectifier cathode, always is given a stand- 
ard cleaning treatment. This treatment 
consists of washing in nitric acid and dis- 
tilled water, and then a double distillation 
is made. Mercury, which is suspected of 
containing oil, is given an extra washing 
with either grain alcohol or chemically 
pure benzol. The surface of clean mer- 
cury should be absolutely clear with no 
specks or film visible under a strong 
light. 


Tests and Repairs 


When the arc-back frequency shows a 
sudden increase or becomes what is con- 
sidered excessive, the first step is to de- 
termine which anode or anodes are re- 
sponsible. There are various devices and 
methods for indicating this action. One 
method, that has proved quite satisfac- 
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Figure 2. Assembly of cooling coil and anode plate for multianode rectifier 


tory, involves the use of a standard 
commercial surge-crest ammeter, which 
consists of a meter that measures the 
amount and direction of the magnetism 
in a special small magnetic link. One of 
these links is placed about six inches from 
each anode cable. The reverse current 
from the arc-back magnetizes the link 
correspondingly, so that the identity 
and magnitude of the arc-back can be 
determined by measuring the links after 
an arc-back with the surge-crest ammeter. 

When such tests show only one anode in 
trouble, this one anode is usually re- 
paired alone. If it is a multianode type 
rectifier it is opened and the one anode re- 
paired. A special effort always is made to 
complete the work and close the rectifier 
up the same day, since with a short 
exposure time the degassing period can 
be shortened to a few hours. 

Many of these single anode are-backs 
are caused by leaks in the vicinity of the 
anode. This fact is especially true on 
seals consisting of organic material. 
Other causes are found in the anode as- 
sembly, such as broken grid insulation. 
Where there are two anodes in parallel, 
a broken grid wire on one will overload one 
anode, thereby tending to cause arc- 
backs. On the ignitrons a broken or 
wetted ignitor will have the same effect. 

When the arc-back pattern is scattered 
over all or several anodes, and the rectifier 
is not a newly repaired one, an air or water 
leak is suspected first. Such a leak may 
be in the vacuum manifold, pumps, or 
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some location an appreciable distance 
from an anode, so that its effect may be 
distributed over the whole rectifier. The 
easiest and first test for leaks is a hot 
pressure rise test, in which the low vac- 
uum pump is stopped and the pressure 
rise noted for about an hour with the 
rectifier on normal load. A good rectifier 
will operate for hours with only a few 
microns increase in pressure. In fact, 
they have been known to operate a couple 
of weeks with the main valve closed and 
both pumps down. If there is a serious 
leak, the pressure should rise sharply in 
an hour or less. This pump stop test 
may be supplemented or confirmed by a 
cold pressure rise test. In this test the 
rectifier is cooled first to room tempera- 
ture, and then the main vacuum valve is 
closed for several hours and the pressure 
rise noted. The temperature of the rec- 
tifier should be constant of course during 
the check period. The permissible rise 
for such a test varies with the types and 
sizes of rectifier tanks, but a rough figure 
is from three to six microns in six hours. 
Some tubes will show as little as one mi- 
cron rise in this period, while others as 
much as 10 or 12 and still be acceptable. 
Some air leaks sufficient to cause arc- 
backs may be within the pump capacity 
and, consequently, not show up on the 
vacuum meter. These leaks will be indi- 
cated, however, by the foregoing tests, 
and in some cases can be measured with a 
low reading gas meter. 


If these tests indicate that there are no 


ELECTRICAL ENGINEERING 


¥ 

Pi 

4 
- 


ti¢ 


> Os ee og 7 ee ee »* « a 
om ? ’ n rs * \ 
+t Ns ee Rae ' t 
ps t * ec nl ae eo? sw 3 
© *. ey 2 4 $ e G - Is 
sete BE, ‘ ? > : 

¥ ~~ ae ? i i , 

» ‘ . ‘ 
“ ’ ‘ 


& leaks, then ceiteanadot water 


and the only course is to open the recti- 
fier. d ‘ 

3 Air and water leaks leave a cértain 

amount of discoloration at their source. 
Contamination usually leaves some dis- 

coloration or spots, and in some cases a 

definite deposit on surfaces near the 
- source. 

z The inside appearance varies consid- 
_ erably with different rectifiers. On some 
the inside of the tank and the cooling 

3 coils have a dark smoked appearance, 

whereas others show various temper 

colors of blue and straw. Air leaks usu- 
ally leave a light brown rust deposit on 
the metal surfaces. On others a great 
portion of the surface is white because of 

7 the amalgamation of mercury vapor. 
The inside of the tank and the cooling 

" - coils are sandblasted. Finished steel 

1 “surfaces are polished with emery cloth. 
All cleaned surfaces then are wiped with 
a clean lintfree rag and a cleaning fluid 
such as pure benzene. Insulating parts 

also are sandblasted and cleaned the 
same way. 

- Great care and cleanliness must be 
used in the assembly. A touch by the 
bare skin on a finished surface will pro- 
duce a small rust spot which is a possible 
source of contamination. Clean cotton 


we or internal trouble is “suspected, 
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gloves and clothing must be worn while 
making the assembly. 

In most cases the same cathode mer- 
cury possibly could be reused by skim- 
ming off the surface, but it is advisable 
to use only mercury which has been 
renovated thoroughly, as “previously de- 
scribed. 

In old rectifiers ‘the insulating parts 
which are exposed always show a cer- 
tain amount of metallization. 
metallization is a gradual process in which 
metal from the steel parts is deposited on 
the various insulating parts. The actual 
causes and details of the transfer of metal 
does not seem to be understood thor- 
oughly, but one theory is that the arc 
stream for some reason may be diverted 
from its normal path and travel through 
some steel part, such as the cooling coil 
or tank wall, thereby vaporizing some of 
the metal. Pitted spots have been found 
in rectifiers which indicates that this 
phenomenon occurs. 

Under normal operation the metalliza- 
tion is quite slow and may require 
years to become critical. At the other 
extreme, there are cases where it became 
so bad within a few weeks that the recti- 
fier had to be reopened and cleaned. 
In such cases there is always a reason for 
this condition which may or may not be 
discovered. Improper degassing opera- 
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tion, in which the pressure is allowed to 
run too high, excessive tank temperature, 
leaks, and contamination will hasten the 
process of metallization. 

When this metallization has progressed 
far enough, the insulating value of the 
insulating parts is impaired to a point” 
where improper operation results. Thus 
the grid and anode insulation may be- 
come so low that the grid will receive its 
potential from the anode instead of its 
regular source, and, consequently, lose its 
voltage control ability. In the final 
stages of metallization, the arc-back rate 
increases and the rectifier must be opened 
and cleaned. 


Degassing 


When a rectifier has been exposed to 
air, it must be degassed in order to re- 
move the gas which was absorbed during 
the exposure. 

The degassing time depends to a great 
extent upon the length of the exposure 
time. Thus a rectifier, which has been 
opened and closed the same day with an 
exposure of only a few hours, can be de- 
gassed in a few hours. On these short 
exposures, it is possible to degas in serv- 
ice on line voltage at low loads, and, 
while this practice sometimes is followed, 
it has been found better to give it at 
least a short period on short circuit de- 
gassing. 

A “green” rectifier, that is, one which 
has been opened for several days, requires 
from 60 to 120 hours of degassing. 

The common practice in degassing is 
to short circuit the rectifier by connecting 
the cathode to the transformer neutral 
(the negative line) and apply 40 to 80. 
volts to the anodes. On 13-ky transform- 
ers, for example, 1,700 to 2,300 volts on 
the primary makes a satisfactory degas- 
sing voltage for 600-volt class rectifiers. 
On grid control type rectifiers, there 
should be some resistance in series with 
each anode in order to insure proper load 
division. This resistance is of the order of 
one-half to one ohm at the start and is 
reduced as degassing progresses. At 
about three-quarters of the rated full 
load current, the resistance may be re- 
moved if desired and the degassing 
finished without resistors. The short 
circuit current is controlled by the regular 
voltage control method of either grid bias 
or ignitor phase shift, depending upon the 
type of rectifier. 

Ignitrons may be degassed satisfac- 
torily without anode resistors even when 
“sreen.” Some users, however, insert a 
low resistance of about one-fourth ohm in 
each anode until the current has reached 
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' Figure 4. Anode and grid assembly of 
an ignitron 


one-fourth to one-third rated value. This 
resistor balances the anode currents and 
results in a more uniform cathode current. 
The degassing current is started at 
about two per cent of normal for multi- 
anode tubes and about ten per cent of 
normal for ignitron tubes, and increased 
as fast as the vacuum will permit. Before 
starting, the tube is pumped down to 
practically zero pressure on both the 
McLeod and electric gauges. During the 
degassing period, the vacuum on the mul- 
tianode rectifiers is held within two mi- 
crons on the McLeod gauge, and from 
four to ten microns on the electric gauge. 
The higher indication of the electric 
gauge during degassing is caused by the 
presence of condensable gases, which are 
not recognized by the McLeod gauge. 
After the rectifier has been degassed 
thoroughly, both gauges will settle down 
to approximately the same reading. 
Ignitrons may be degassed with a some- 
what higher pressure than the multi- 
anode type. McLeod readings of four or 
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five microns and electric gauge readings 
of 12 to 15 microns are permissible on the 
ignitrons. 

While the liberation of gas is fairly 
uniform during most of the degassing 
period, the gas occasionally will come out 
in sudden bursts or bubbles as though a 
pocket were released. When this action 
occurs, the degassing current must be 
reduced or removed to enable the vacuum 
pumps to restore proper vacuum. There 
are evidences that such pockets develop 
after the rectifier has been degassed and 
put back in service. For example, there 
have been several instances in which an 
arc-back on a recently overhauled recti- 
fier was accompanied by sufficient in- 
crease of pressure to show on the vacuum 
gauge. This condition existed for only 
a few minutes. 

After the regular degassing period, a 
rectifier occasionally continues to liber- 
ate a measurable amount of gas for several 
days, or even weeks after it is back in 
normal service. For electrochemical serv- 
ice it has been found advisable to finish 
a degassing operation by applying an 
overload current of 25 to 50 per cent for 
a few hours, in order to remove as much 
gas as possible. During the degassing pe- 
riod, a large rectifier will liberate from 
one-half to nearly one cubic foot of non- 
condensable gas. Figure 5 shows the 
time-gas volume curves obtained at 
Alcoa from the degassing of two “‘green”’ 
rectifiers selected at random. 

In the degassing of “‘green’’ rectifiers, 
the gas is liberated most rapidly at rela- 
tively low current loads ranging from 
about 15 to 40 per cent of the normal 
operating load. Thus, in a typical degas- 
sing operation, the current is increased 
more or less uniformly until this critical 
value is reached. At the critical value, 
the gas is released as fast as the pumps 
can handle it, and the current may have 
to be maintained constant for several 
hours. 


a complete overhaul and placed back in 
service, it occasionally will arc-back | 
several times during the first week or so, — 
after which it settles down gradually to 
good performance. 

It is believed that this pehavior is 
caused by contamination left in the 
tube after overhaul. In order to hasten 
decontamination, a process called “aera- 
tion” has been tried several times at 
Alcoa. This process consists of cooling 
the rectifier and admitting clean dry air 
for some two or three hours. This air is 
admitted through a tube containing a 
filter and a drying agent, such as acti- 
vated alumina. The air then is pumped 
out and the rectifier degassed on full 
voltage and a slowly increased load. The 
theory of this ‘‘aeration”’ is that a certain 
amount of the contaminants are oxidized 
and mixed with the air, and these prod- 
ucts are pumped out sooner than they 
would be in normal operation. Engi- 
neers are not in full agreement on this 
theory, but favorable results have been 
obtained and the method should be given 
thorough trial. 


Conclusions 


It generally is agreed that the single 
anode type, such as the ignitron and the 
excitron, is superior to the multianode 
type. Their efficiency is higher because 
of the lower arc drop, and their mainte- 
nance is simpler and cheaper. 

As compared to rotating equipment, 
modern rectifiers with their associated 
auxiliaries require somewhat less mainte- 
nance although this maintenance does 
require more care and skill, especially in 
supervision. 

Rectifiers are capable of a certain 
amount of reduction from full voltage by 
delaying the time in the cycle at which 
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the anode begins passing current. Such 
control is obtained at the expense of an 
increase in arc-back frequency, a lower 
power factor, and a slight decrease in 
efficiency. The greater the reduction, the 
more pronounced are these undesirable 
effects, so that reduction in excess of 
some 15 or 20 per cent is of doubtful 
value. For this reason it is preferable to 
operate with the minimum firing delay 
compatible with operating conditions. 
This voltage control feature stands in 
need of further improvement. 

Inasmuch as a cold rectifier is more 
likely to arc-back, means must be pro- 
vided to keep them warm. For continu- 
ous service this is no great problem, but 
for intermittent service suitable heaters 
usually are provided. 

One of the most vulnerable points of a 
rectifier is the seals. These seals have 
been improved much in recent years, but 
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there is still room for further improve- 
ment. This fact is especially true where 
they are made of organic materials, such 
as rubber and fiber. 


There is not yet sufficient operating ex-. 


perience to say definitely how long a 
pumped type rectifier will operate before 
requiring a major overhaul, but the au- 
thors’ experience would indicate a period 
of not less than six or seven years with 
continuous operation and uniform load. 
Aside from damage or failure of parts, 
the long time factor that should dictate 
a major overhaul is the metallization of 
parts or possibly an excessive amount of 
carbon in the mercury pool. Some minor 
repairs, such as ignitor renewal or seal 
repair, should be expected during the 
period. 

From the user’s standpoint, the out- 
standing problem is the cause and elimi- 
nation of arc-backs. They are so unpre- 
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dictable and so many occur without any 
known cause that they are a constant 
challenge to engineers and operators. 

Among the known causes, contamina- 
tion should have a great deal more study. 
There is much uncertainty as to the na- 
ture and amount of contamination neces- 
sary to catise serious trouble. 

Since rectifiers are still on the threshold 
of their development, it is expected that 
future developments and research will 
simplify operation and reduce present 
maintenance problems. 
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Sererains The purpose of this paper is to 
describe a method developed for determin- 
‘ing the location of ground faults on an ex- 
tensive 140-kv grounded neutral trans- 
mission system. This method applies par- 
ticularly to ground faults in a network of 
two or more parallel lines and is based on 
a comparison of the magnitude of ground 
currents in the faulted circuit and in the 
unfaulted circuits. Since the relative dis- 
tribution of ground fault current in a net- 
work depends only on the zero sequence 
impedance of the system, an analysis of 
ground faults by comparison is independent 
of generation, fault resistance, or whether 
one or two phases are involved to ground. 
The paper also describes the use of ground 
fault current curves in determining the 
critical conditions for relay selectivity and 
summarizes the results of five years of 
satisfactory experience with automatic 
oscillographs used in the analysis of faults 
and relay operations on the system. 


HE SYSTEM referred to in this dis- 

cussion includes nearly 1,000 miles 
of line widely distributed over the State 
of Michigan, as shown geographically in 
Figure 1. The first automatic oscillo- 
graph was installed in 1931, and two more 
were added in 1935. These were used 
at various points on the system to study 
system behavior. In 1941 an additional 
one was acquired, and the four instru- 
ments were located permanently to co- 
ordinate fault records on the 140-kv 
grounded neutral system. In the period 
from 1941 to 1945 inclusive, oscillographic 
records were obtained for approximately 
250 line faults. These records showed 
96 per cent of the line faults involved 
either one or two conductors to ground. 
From this, it is obvious that fault studies 
on this system are concerned primarily 
with ground currents, and the location 
of the oscillographs and the element con- 
nections have been selected to give maxi- 
mum information on ground faults. 


Location and Initiation of 
Oscillographs 


The instruments are located at the four 
principal neutral grounding points on 
the system: Croton Station on the 
Muskegon River, Morrow Station east 
ef Kalamazoo, Blackstone Station at 
Jackson, and Weadock Station, Bay 
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City. Initiation of the oscillographs is 
by instantaneous undervoltage relays — 


connected to 140-kv potential devices 


and by instantaneous overcurrent relays” 


in the 140-kv neutrals of the grounded 
The initiating relays 
are set to insure operation of at least two 
oscillographs for all faults within the 
network. It is a decided advantage in 
ground fault analysis to have films from 
two instruments for comparing current 
values or for determining the total fault 
current. In the event that one instru- 
ment fails to operate, a fairly satisfactory 
analysis may be made from one film. 


~ 


Connection of Elements 


The oscillographs in service are the 6- 
element type using sensitized paper. 
Except as noted, three elements of each 
instrument are used to record line-to- 
neutral voltage, and three are connected 
in the current transformer neutrals of 
the lines to record ground current. At 
the Morrow Station, four elements are 
required for residual current in the lines, 
leaving only two elements available for 
potential indication. These are con- 
nected to record line-to-line voltage. 


Calibration 


Records obtained on automatic oscillo- 
graphs are no more accurate than the 
calibration data, In determining the 
values to be used for current calibration, 
it is first necessary to calculate the maxi- 
mum value of fault current that may be 
obtained in the various elements, and to 
decide on the maximum amplitude that 
may be permitted on each element with 
maximum fault current. On elements 
centrally located on the paper, the total 
amplitude must be less than the width 
of the paper. On elements located near 
the top or bottom of the paper, it is not 
necessary to restrict the amplitude so 


Paper 46-109, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted March 18, 
1946; made available for printing May 1, 1946, 


H,. P. Duputs is an electrical engineer, Common- 
wealth and Southern Corporation, Jackson, Mich. 
W. E. Jacoss is system dispatch supervisor, Com- 
sumers Power Company, Jackson. 
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the breakdown of current 
ratios when measuring Seated 
and in converting calibration test 
into terms of primary ground curr 
the effective current ees ag a 
must be used. J 

Valuable informatie kis besniabenene” ; 
on relay and circuit breaker operating | 
time by using a bias or offset on the cur- 
rent elements. This is obtained by con- 
necting a shunt in the d-c trip circuit 
of the breaker to its respective element, 
causing the center line to shift when the 
trip circuit is energized. This is shown 
in Figure 7. 
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Factors Used in Ground Fault 
Analysis 


1. Magnitude and relative values of ground 
currents from each end of the faulted circuit 
with both ends closed. 


2. Magnitude of ground current in the 
faulted circuit after one end opens. : 


~ 


3. Relative values and direction of ground 
currents in unfaulted circuits in parallel 
with the faulted circuit. 


MICHIGAN 


HODENPYL 


A 
MORROW CREEK 


INTERCON. 
——— GROUNDED NEUTRAL 
~~ —~ ISOLATED NEUTRAL 


Figure 1. Consumers Power Company 140-ky 


system (1945) 
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(a). Both ends of the faulted circuits closed. 
(b). After one end of the faulted circuit 


opens. 


ae 


i 


4. Magnitude and relative values of cur- 
rents in eee circuits from ground 
sources. 


5. Recorded ee 
6. Changes in magnitude of ground fault 


- current with changes in the nature of the 
_ fault, that is, one line to ground changing 


- to two lines to ground. 


7. Relay operation. 


(a). Operating time of time delay relays. 


(b). Pickup and operating range of instan- 
taneous relays. 


Calculations for Ground Fault 
Curves 


Making up ground fault curves re- 
quires a considerable amount of work, 
but once completed, they provide a fast 
and accurate means of locating faults. 
A complete set of curves to utilize 


Figure 3. Maximum current curves for single- 
line-to-ground faults on line 1, closed at Mor- 
row and Elm Street 
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Figure 2. Curves of 
_- total faultimpedance 
for line 1 and char- 
acteristics of line 1 
and line 2 from Mor- 
row Station to Elm 
Street Station, Battle 
Creek 


r=) 
PERCENT Zo 


these factors consists of impedance 
curves, maximum ground fault current 
curves, and ratio curves. 


The first step in making up data for 
curves is to have positive and zero se- 
quence diagrams of the system and to cal- 
culate the positive, negative, and zero 
impedance for the total system at each 
station and at a sufficient number of 
points on the lines between stations to in- 
sure the drawing of accurate curves. On 
the average length of line, three or four 
points will be sufficient. Similar calcu- 
lations are made for the lines open at 
either end. Ordinarily the positive and 
negative sequence impedances can be 
assumed to be equal. Calculations can 
be simplified by using linear values of im- 
pedance rather than the complex R + 7X 
form and are usually sufficiently accurate. 
If system generating conditions require 
the switching of grounded transformers 
which change the relative distribution of 


_ ground current, it may be necessary to 


make up more than one set of curves. 
As will be explained later, a second set of 
curves is not necessary for changes in 
generation only. 


8 


ew ‘ 
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_ points. 


RATIO (PERCENT)= 


When calculating the total zero se- 
quence impedance at each point, it is 
necessary to determine the distribution of 
ground current, not only in the faulted 
circuit but also in the parallel circuits and 
other contributing circuits. This is es- 
pecially important for parallel circuits 
having mutual relation with the faulted 
circuit. For systems not involving too 
many mutuals, these values may be cal- 


culated by setting up mutual equiva- — 
lents! or by simultaneous equations. 


Na? 
is important that fault points be taken at 
the ends of mutual sections, as the ground 
current curves change their slope at these 
On complicated systems with 
multicircuit mutuals, it is advisable to 
use an a-c calculating board. 

Values of the total positive sequence 
impedance are more easily calculated or 
can be obtained on a d-c board. 


Application of Curves 


The two 140-kv circuits between Mor- 
row Station and ElmStreet Station, Battle 
Creek, designated as line 1 and line 2, 
have characteristics as shown at the top 
of Figure 2. A complete set of curves for 
Jine 1 is reproduced for illustration. 


IMPEDANCE CURVES | 


Curves shown on Figure 2 are for maxi- 
mum positive and zero sequence im- 
pedances with the line closed and with the 
line open at either end. These data are 
convenient for checking a fault location 
when the nature of the fault changes. 
For example, assttme a single-line-to- 
ground fault changes to a two-line-to- 
ground fault. If positive and negative 


Figure 4. Ground current ratio curves for 
faults on line 1, closed at Morrow and Elm 
Street 
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Figure 5. Maximum ground current curves 
and ratio curves for faults on line 1, open on 
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" Elm Street end 


phase impedances are considered equal, 
Single-line-to-ground current 


Vela SKI 
© (2Z1+Z0)v/3 kv 


Tw o-line-to-ground current 


ee Belo 
~ (Z1+2Z0)V/3 kv 


A value of Z, and Zp» for the same location 
can be taken from the impedance curves 
which when applied in the above formu- 
las will be equal to or proportional to the 
current values shown on the oscillograph 
film. This is usually a good indication of 
fault location, especially on a line section 
where there is a large variation in the 
ratio of Z;/Zo. 


(1) 


(2) 


CURRENT CURVES 


Current curves may be used directly in 
determining fault location if the fault cur- 
rents are near maximum values. The 
curves are also very useful in determining 
the critical conditions for relay selec- 
tivity and for co-ordinating the magni- 
tude and duration of fault current with 
observed line damage. 

Maximum current curves for single- 
line-to-ground faults with the line closed 
at both ends are shown in Figure 3. 

Curves for line 1 open at Elm Street 
and open at Morrow are shown combined 
with ratio curves in Figures 5 and 6, re- 
spectively. Note in Figure 3 that the 
current in line 2 passes through the zero 
line at about two miles from Morrow Sta- 
tion. That is, for faults within two miles 
of Morrow, the current in line 2 is from 
Elm Street to Morrow, and for faults be- 
yond two miles, the current in line 2 flows 
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or not the current in a parallel circuit re- 


verses after a circuit breaker opens on one: 
‘end of the faulted line is often a definite 


indication of the fault location. 

The difference in the slopes of the cur- 
rent curves in the 10.9-mile section and in 
the 5.4-mile section clearly indicates that 
the effect of mutual impedance cannot be 
neglected. 


RaTIo CURVES 


The distribution of ground fault cur- 
rent depends only on the zero sequence 
impedance of the system. The relative 
distribution in the faulted circuit and in 
parallel or contributing circuits is the 
same for one line-to-ground or for two 
line-to-ground faults. Fault resistance 
or changes in generation affect the mag- 
nitude of ground fault current but do not 
change the relative distribution. This 
fact can be utilized in making up a set of 
ratio curves independent of fault re- 
sistance and generation. Using the cur- 
rent in one circuit as a reference, the cur- 
rent in the other circuits can be plotted in 
per cent of the reference current. 

It is apparent that fault locations can 
be determined more accurately if the 
ratio curves have a steep slope. On net- 
works having only two currents to com- 
pare, it is not always possible to have one 
ratio curve that will have adequate 
slope over the entire length of line. How- 
ever, nearly all line faults are cleared by 
the sequential opening of breakers at 
each end. This supplies data for making 
up three ratio curves, one of which can be 
used for accurate indication of fault loca- 
tion on a specific section of the line. 

On more complicated networks where 
three or more currents can be compared, 
it may be advisable to make up two sets of 
ratio curves for the same condition by us- 
ing different currents as reference. That 
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from Morrow to Elm Street. Whether 


and ratio curves for faults on line 


hk 6. iaese ground Ane nt 


_ the Morrow end 


aoe 
is, See proper selection ee reference c cur- 


“rents, one curve may have a steep slope 


for a section of the line where the other — 
curve is relatively flat. 

Ratio curves apply specifically to faults 
with reduced values of current, but they 


can be applied equally well to faults — 


with maximum current values. 
cases the ratio of currents may give a 


In some — 


more definite indication than the indi- | 


vidual currents. 

The ratio curves of Figure 4 are ob- 
tained by plotting maximum current 
values, taken from Figure 3, in per cent 
of the current in line 1 at Morrow. 
Ratio curves with the line open at Elm 
Street and at Morrow are included in 
Figures 5 and 6. 


Application of Oscillograph Data 
for Fault Location 


The oscillograph films, Figure 7 and 
Figure 8, were obtained from Morrow 
Station and Blackstone Station respec- 
tively for a fault on line 1. 

A preliminary inspection of the films 
shows the two line-to-line potentials at 
Morrow are approximately equal, indi- 
cating that the Z phase was involved. 
Reference to the Blackstone line-to; 
neutral potentials shows definitely that 
the fault was Z-phase-to-ground through- 
out. Further inspection of the film shows 
that the line opened at Elm Street in 19 
cycles and at Morrow in 48 cycles. Tar- 
gets were reported on the time delay 
ground relays at both Elm Street and 
Morrow. As indicated at M in Figure 5, 
the maximum reach of the instantaneous 
relays on line 1 at Morrow after the line 
opens at Elm Street is approximately 19 
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a ‘cilene Failure fof Mie relay to eect 

indicates that the fault was more than 19 
miles from Morrow or within nine miles 

of Elm Street. The bias was applied 
when the trip circuit at Morrow was 
Paceeiie: This shows that the oil cir- 
cuit breaker on line 1 had five oe clear- 
ing time. 


USE OF CURRENT CURVES 


A detailed analysis gives measured 
values of fault currents in primary am- 
peres as shown in Figures 7 and 8. The 
current values of the fifth and sixth ele- 
ments of both films are not required in this 

analysis. 
- No film was obtained from Weadock 
for this fault, but previous calculations 
determined that for a fault at Elm Street, 
51 per cent of the ground current from the 
eastern part of the system is contributed 
over the line from Blackstone, and 49 per 
cent over the line from Lansing. From 
the measured and calculated values of 
current, the distribution in the lines was 
as shown in Figure 9A for the initial fault 
and in Figure 9B after Elm Street opened. 
This gives a complete picture of the fault 
and indicates that the calculated total of 
2,965 amperes was very nearly maximum 
current for a fault near Elm Street. 
Applying the values shown in Figure 
9A to the maximum current curves of 
Figure 3, the 1,400 amperes in line 1 from 
Morrow gives a fault location of 4.5 miles 
from Elm Street; 860 amperes in line 2 
gives a location of four miles from Elm 


Figure 7. Oscillogram from Morrow Station 
for a fault on line 1, Morrow to Battle Creek 


YZ phase potential 

ZX phase potential 

Ground current in line 1 to Battle 
Creek 

Ground current in line 2 to Battle 
Creek 

Ground current in Kalamazoo line 

Ground current in Grand Rapids 

line 


Element 1. 
Element 2. 
Element 3. 


Element 4. 


Element 5. 
Element 6. 
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Street; 


amperes in line 1 from Elm Street gives a 
location of 4.5 miles. This close agree- 
ment on fault location is a further indica- 


‘tion that the fault currents were very 


nearly maximum value. ; 

After the line opened at Elm Street, 
the values shown in Figure 9B applied to 
the current curves of Figure 5 give a loca- 
tion of five miles from Elm Street for 
1,750 amperes in line 1, and 5.5 miles 
from Elm Street for 270 amperes in line 2. 
Note that the direction of current in line 
2 reversed after line 1 opened at Elm 
Street. The curve of total amperes on 
Figure 3 is too flat at this point for close 
application, but the calculated total indi- 
cates the fault as being between four and 
six miles from Elm Street. All of the 
above determinations give the fault loca- 
tion as between 4 miles and 5.5 miles 
from Elm Street. The actual location 
was five miles from Elm Street, and the 
damage reported was three broken bells 
and light burns on the conductor. 


USE oF RATIO CURVES 


To illustrate the application of the ratio 
curves, assume that fault resistance or de- 
creased generation had reduced the fault 
current to 80 per cent of the above values. 
Relative values then would be as shown 
in Figures 10A and 10B. Applying the 
values in Figure 10A to the current curves 
of Figure 3, the 1,120 amperes in line 1 
from Morrow indicates the fault to be at 
or near Elm Street, while 690 amperes in 
line 2 places the fault at six miles from 
Elm Street, and 290 amperes from Black- 
stone gives the location as 14 miles from 
Elm Street. Similarly, the values of 
Figure 10B applied to the current curves 
of Figure 5 all indicate the fault as being 
at or near Elm Street. This wide dis- 
crepancy in the indicated fault location is 
characteristic of current values that are 
less than maximum and is an indication 


19 CYCLES 
“ELM ST, OPENS 


360 amperes from Blackstone 
gives a location of 5.5 miles from Elm 
Street; and the calculated value of 1,565. 


HN 


that the current curves cannot be directly 


applied, and the ratio curves should be 


used. ‘ 

From the values of Figure 10A, the 
current in line 2 from Morrow is 61.5 per 
cent of the current in line 1 from Morrow, | 
and the current from Blackstone is 26 per 
cent of the current in line 1. Applying 
these percentages to the ratio curves of 
Figure 4 gives fault locations of 4.5 miles. 
and 4 miles from Elm Street as previously 
determined with actual fault currents. — 
The currents in Figure 10B, after Elm 
Street opens, applied in the same way 
gives 15.5 per cent for the current in line 
2 and 7.8 per cent for the current in the 
Blackstone line. These values fall on the 
flat part of the ratio curves of Figure 5 
and serve only as a check. 

From an inspection of the ratio curves 
of Figures 4, 5, and 6, it is evident that 
for faults within nine miles of Elm Street, 
the most accurate determinations can be 
made from the curves of Figure 4. For 
faults within 19 miles of Morrow, any one 
of the three sets of curves could be used 
with sufficient accuracy. 


! 


Other Applications of Oscillograph 
and Curve Data 


Linge DAMAGE 


During the past two years each fault 
analysis included calculations to correlate 
fault current and clearing time with the 
observed damage. In these calculations 
a factor has been used equal to (amperes/- 
1,000)? X cycles. The currents used are 
taken from the oscillograph films supple- 
mented by calculations and values from 
the current curves where necessary. For 
the actual fault discussed in this paper, 
the values used were 2,965 amperes for 19 
cycles and 1,750 amperes for 29 cycles: 
(KA)? cycles=255. While this study has 
not been carried on for-a sufficient length 
of time to warrant any definite conclu- 
sions, it is indicated that the data may be 
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* Element 1. 


_ Elementé. 


Figure 8. Oscillogram from Blackstone Sta- 
tion, Jackson, for a fault on line 1, Morrow to 
Battle Creek 


X-phase-to-neutral potential 
Element 2. Y-phase-to-neutral potential 
Element 3. Z-phase-to-neutral potential 
Element 4. Ground current in line to Battle 
Creek 
Element 5. Ground current in line to Lansing 
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Ground current in interconnection: 


morrow 1° 


ELM ST. 


Figure 9. Distribution of maximum ground 
fault current 


A. With line 1 closed at Morrow and Elm 
Street 
B. After line 1 opened at Elm Street 


of considerable value in determining 
whether or not a special patrol is neces- 
sary when no damage is found on the 
initial patrol. 


RELAY PERFORMANCE 


As a final step in the analysis, the 
operating time of each time delay ground 
relay is calculated for the value of ground 
current as measured on the films, and this 
calculated time is compared with the 
actual operating time as recorded. This 
furnishes a positive check on relay opera- 
tion. In case of faulty films, this process 
can be reversed to calculate fault cur- 
rents. Surprisingly accurate determina- 
tions have been made based entirely on 
relay operating time. Occasional faults 
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Figure 10. Distribution of ground fault cur- 
rent, 80 per cent of maximum 


A. With line 1 closed at Morrow and Elm 
Street 
B. After line 1 opened at Elm Street 


near the end of the instantaneous relay 
zone supply data on the accuracy of 
pickup adjustment. 

In the preparation of ground relay set- 
tings, the current curves are very useful 
in determining the critical points of 
selectivity. In many cases the critical 
point is at the end of the instantaneous 
relay zone where the time delay relay 
must be considered. This is especially 
true on parallel circuits with mutual cou- 
plings. 

It can be seen in Figure 5 that the 
effect of the mutual is to maintain an al- 
most constant value of current in line 2 
for faults in the parallel section. And it 
is evident that faults on line 1 over 20 
miles from Morrow may be critical for 
selectivity between the Elm Street relay 
on line 2 and the Morrow relay on line 1. 
Selectivity can be checked quickly and 
accurately by taking current values from 
the curves at any questionable point. 


Summary 


When making analyses of faults, it is of 
interest and value to prepare sheets for 
recording data on each fault. Tables I 
and II summarize the types and cause of 
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fault location as developed 


authors has been in use for se eral 
and has proved very satisfactory. 
this discussion the particular. line 
and fault were selected to illustrate 
some of the principles involved, a1 
should not be presumed that the 
degree of accuracy can be obtained for 
faults. With the present number 


oscillographs on the system, the average : 


degree of accuracy is in the order of ten ~ 
per cent for faults in the network; that — 
is, on a line 30 miles long it is expected 
that the faults can be located within 
three miles. With oscillographs at each 


station, it is probable that faults could 


be consistently located within one mile. 


The calculated locations of ground faults 
on radial lines are accurate only if tower 
footing and fault resistances are low. 

One of the most important applications 
of the oscillograph is the information that 
is obtained when a fault is not cleared 
properly. In most cases these data defi- 
nitely point to the cause of incorrect 
operation or failure to operate so that im- 
mediate steps can be taken to prevent a 
recurrence. By indicating the location of 
inconspicuous damage and potential 
sources of trouble, the oscillographs are 
becoming an increasingly important factor 
in transmission line maintenance. The 
diligent use of oscillograph data has re- 
sulted in greatly improved relay perform- 
ance. 
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Bey nopais: A modern Diesel-electric pow- 
ered drilling equipment for drilling oil wells 
consists of several internal combustion en- 
gines driving d-c generators, which supply 
adjustable voltage power to the several d-c 
motors driving the various motions. This 
paper gives a description of the functions 


performed by the draw works, mud pumps, 


rotary table, and coring reel, and a typical 
arrangement of apparatus or elementary 
power diagram showing the main d-c cir- 
cuits with the arrangement of drill-hoist 
contactors and manual transfer switches. 


4 In addition, there are related the general 
. scheme of operation, strictly from the drill- 


4 


er’s point of view, without the details of 
how these functions are accomplished; the 
Operating principles of the electrohydraulic 
governor that make this scheme of operation 
possible; as well as the various control fea- 
tures provided by the amplidyne excitation 
of the main generators. The electrohy- 


- draulic governor, a war development, is ap- 
’ plied for the first time to Diesel-electric drill- 


ing rig equipment. This governor gives to 
the engines a degree of protection never be- 
fore attained, by preventing the engine from 
being overloaded. The governor also per- 
mits running the engines at the lowest 
speeds consistent with the desired rig motion 
and not at full rated speed at all times as 
in the past. The electrohydraulic governor 


_ provides for engine paralleling without the 


driller having to pay any attention to the 
engine throttles. The merits of a-c versus 
d-c auxiliary drives are pointed out, and 
separate engine-driven auxiliary a-c genera- 
tors are recommended instead of the usual 
practice of driving auxiliary d-c generators 
from the main engines. This gives a saving 
in first cost of auxiliaries conservatively 
estimated at 25 per cent, as well as gains 
in simplicity, sturdiness, and less weight. 


MODERN Diesel-electric drilling rig 
A equipment for drilling oil wells con- 
sists of several internal combustion en- 
gines driving d-c generators. These gen- 
erators supply adjustable voltage power 
to the several d-c motors driving the draw 
works, mud pumps, rotary table, and 
coring reel. 

Most oil well drilling is done by steam 
engines or Diesels that mechanically drive 
the various motions through a system of 
gears and clutches. However, oil wells 
are being drilled deeper in search of new 
sands, requiring more power. As in sur- 
face transportation and propulsion, the 
flexibility of transmitting this power elec- 
trically is becoming more and more 
evident. 
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It is estimated that approximately 
35,000 wells will be drilled in 1946. The 
average depth will be about 4,500 feet. 
However, a great deal of the exploratory 
drilling between 10,000 and 15,000 feet 
now is being done with Diesel-electric 
equipment where its flexibility is of par- 
ticular advantage. 

It is the purpose of this paper to 
describe a typical modern. Diesel-electric 
powered drilling equipment and not to 
discuss the relative economics of Diesel- 
electric versus mechanical and steam 
rigs. 


Description of Functions 


A modern deep well is drilled by means 
of a bit attached to a drill stem (drill 
stem is special hollow pipe) and rotated 
to bite through the sand, gravel, and rock 
formations of the earth’s crust. The 
diameter of the hole may be 12 inches at 
the top and six or eight inches near the 
bottom of a 10,000- or 12,000-foot hole. 
For clarity, the functions of the various 
drives are given. 


Draw WoRKS 


This equipment is the hoist for lift- 
ing the drill stem in and out of the hole, 
and a good view of it is shown in Figure 1. 
Bits have to be changed every day or two 
and sometimes, every few hours. The 
draw works operates like a hoist with 
several mechanical gear changes. To 
change a bit, a section or two of drill stem 
is lifted out of the hole, unscrewed, stacked 
in the side of the derrick, and the travel- 
ing block and hook is lowered to pull up 
the string of drill stem another couple of 
sections, and so on. Usually, all engines 
are required for this operation while the 
mud pumps, rotary table, and coring reel 
remain idle, 


ROTARY TABLE 


The rotary table rotates the drill stem 
with the bit on bottom and drills the hole. 
The driller regulates the weight of pipe 
permitted on the bit by means of a me- 
chanical brake on the draw works. The 
chips and sand are removed by circulating 
mud. 
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Mup Pumrs 


The principal functions of the mud 
pumps are to circulate the mud which 
lubricates the drill stem and bit, pick up 
the chips and sand, and bring them to the 
surface, suspended in the mud, in the an- 
nular space between the drill stem and the 
outside steel casing, as illustrated in 
Figure 2. Getting the mud to the right 
consistency to do this job is a ““‘black”’ art 
known only to the drillers. Keeping the 
mud flowing is important because a 
10,000-foot column of mud has a burden 
of chips which will settle out at the bot- 
tom and may freeze the drill stem in the 
hole if left to stand for a few hours. 
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CorRING REEL 


This reel is a light-duty high-speed 
hoist used to remove sample cores from 
the hole and for logging purposes. It is 
used when other apparatus is not in use 
and is, mechanically, entirely independent. 


Typical Arrangement of Apparatus 


A typical arrangement of apparatus for 
15,000 foot drilling is shown in Figure 3. 
In this example, three Diesel-engine- 
driven generators are shown. In some. 
cases, four, five, or even six such sets 
are employed. However, the minimum 
rating of Diesel-engine set often is dic- 
tated by the rating of the mud pump so 
that one engine generator set can supply 
its fullrating. The number of such sets is 
dictated by the rating of the draw works. 

The auxiliary motor-driven apparatus, 
such as miscellaneous pumps and blow- 
ers, and the power-system used to supply 
it will be discussed later. 


General Scheme of Operation 


Perhaps it will give a better understand- 
ing of the equipment operation to describe 
the results obtained by modern electric 
equipment from the driller’s point of view, 
before describing in detail the equipment 
used for accomplishing the results. 

Each of the motors operates at constant 
field strength. Speed is controlled en- 
tirely by generator voltage (that is, by 
generator field and engine speed). 

Assume that on Monday morning all 
equipment is at rest. The engines are 
started and idled at half speed. From this 
part on, all control of the rig by the driller 
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is from the four driller’s speed master 
switches and the selector switch shown in 
Figure 3. To illustrate how the driller’s 
control works, observe what the driller 
does to start a mud pump. An engine- 
generator set previously has been as- 
signed, by means of the manual transfer 
switches, to supply power to this par- 
ticular mud pump. 

The driller moves the speed master 
switch handwheel from the off position 
which starts the mud pump. The further 
he moves the handwheel, the faster the 
mud pump runs. Up to approximately 
half motor speed, the engine remains at 
its half speed. As the driller calls for 
more motor speed by moving his speed 
master switch further, the engine auto- 
matically speeds. The driller does not 
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Figure 1. General view showing draw works, 
swivel with mud-hose connections, hexagonal 
kelly, and rotary table 


have to touch the engine throttle, nor 
worry about overloading the engine. . If 
the mud pump should become overloaded 
or even stalled, the load on the engine will 
be reduced so that the engine is not 
harmed, These functions are accom- 
plished automatically by means of the en- 
gine governor and amplidyne control, 
which will be explained later. 

If desired, the control equipment can 
be preset to limit the stalling torque on 
the motor from 75 to 150 per cent of nor- 
mal motor torque. The engine may be 
operating at full speed and the mud pump 
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suddenly stall, caused by a plugged bit 
at, let us say, 125 per cent of normal 
torque, regardless of where the driller’s 
master switch may be. This torque limit 
adjustment is made at the control cabinet 
and not at the drillers position. 

To stop the mud pump, the driller re- 
turns the master switch to the off position. 
The Diesel engine returns to idling, at 
half speed, and the mud pump motor 
stops. 

The controls for all the other motors 
are the same. Reversing a particular 
motor merely requires the master switch 
to be returned to the off position, the 
handwheel pulled out and rotated as be- 
fore. The motor reverses and accelerates 
in the opposite direction. Reversing is 
not required for mud pumps but is avail- 
able, 

Consider a few of the typical driller’s 
operations. 


““SPUDDING-IN”’ 

“‘Spudding-in” is a process of starting 
a hole and drilling it the first several 
hundred feet. There is not sufficient 
weight on the bit to make it bite at 
this stage. It is necessary for the driller 
to lift the drill stem a few feet and then 
drop it, thus giving the bit a fresh bite. 
Then it is rotated and may be done at 
the rate of several times per minute. 

The driller has a common speed master 
switch for the draw works and the rotary 
table, as shown in Figure 3. It will oper- 
ate either, but not both simultaneously. 
There is a ‘‘drill-hoist’’ selector switch 
which connects generators alternately to 
the rotary table or to the draw works, 
provided the speed control switch is in 
the off position. 

The driller turns the drill-hoist selector 
switch to the DW position and turns the 
speed control master switch, raising the 
drill stem a little way. He then returns 
the master switch to the off position and 
declutches the motor from the hoist drum 
(the clutch is a pneumatically operated 
device) and lets the tool drop. 

The drill-hoist selector switch is turned 
to the opposite position to RT, and the 
speed master is turned to rotate the table 
for a few revolutions. Then the process 
is repeated. 

During this operation, one mud pump 
motor and engine set has been operating, 
probably at low speed, circulating mud. 
This engine set has been prevented from 
transferring in response to the drill-hoist 
selector switch by means of a selector 
switch on the control board. 


DRILLING 


The ‘‘drill-hoist” selector switch is 
thrown to the drill position, which con- 
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nects one engine set to the rotary table 
and another engine set to a mud pump. 
The third engine may be used on the 
second mud pump or it may be shut down. 

The driller starts and runs the rotary 
table, at the desired speed with the speed 
master, and has no throttle control for 
the engines, since this is under the control 
of the engine governor. 


HOoIsTING 


When it becomes time to change the bit 
on the end of the drill stem, the mud 
pumps are shut down first and the flexible 


_ mud hose, swivel, and kelly assembly dis- 


connected from the drill stem. Mean- 
while, the engines are idling at half speed 
because all of the speed masters are in the 
off position. 

The mud hose swivel and kelly (the 
square piece of drill stem that slides up 
and down in the square hole in the 
rotary table) then is dropped in the “rat 
hole.” 
that the driller thoughtfully has dug in 
advance for storing the kelly. It can be 
discerned in Figure 1. 

The drill-hoist selector switch is thrown 
to the hoist position, which connects all 
of the engine-generator sets to the draw- 
works motor for maximum power. All 
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Figure2 (left). Cross 

sectionofrigshowing 

how mud pump cir- 
culates mud 


Figure 3 (above). 
Elementary power 
diagram of typical 
d-c drilling rig 
equipment 


of the engines are paralleled automatically 
and each may be loaded in accordance 
with its ability to carry load. The driller 
turns the speed master in accordance with 
the desired hoisting speed. If the string 
of drill stem is exceptionally heavy, the 
motor will slow down automatically to 
keep its input within the engine’s ability, 
regardless of the speed-master position. 
If the drill stem should get stuck, the 
draw-works motor would stall at about 
200 per cent torque or some less adjust- 
able value without damage to the engines, 
generators, draw-works motor, or to the 
mechanical equipment, even if the speed 
master is in the maximum speed position. 
However, the driller should not let this 
condition persist for any period of time, 
since the thermal capacity of the draw- 
works motor does not permit it to develop 
200 per cent torque continuously. 

After the drill stem has been hoisted 
three lengths (a ‘‘thribble’’), the driller 
returns his speed master to the off posi- 
tion and sets his hand brake. The drill 
stem remaining in the hole is wedged care- 
fully into the rotary table. The driller 
then unscrews the withdrawn lengths of 
drill stem by holding the withdrawn por- 
tion with tongs and rotating the rotary 
table by power. 
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DRILLER'S SPEED MASTERS 


After the withdrawn drill stem section 
is stacked over in the derrick, the hook is 
driven down at high speed and light load 
to get another grip on the drill stem re- 
maining in the hole. For this operation, 
the driller’s speed master is pulled out- 
ward and turned as far as it will go to get 
maximum speed. 

It may require several hours to take the 
drill stem out of the hole, attach a new 
bit, and lower it into the hole again, 
section by section. This process is called 
a “round trip.” 

In lowering a heavy load, however, the 
draw-works motor is declutched and the 
lowering energy is dissipated in a water- 
cooled brake. The Diesel engine cannot 
absorb very much energy and regenera- 
tive lowering has not been resorted to as 
yet. 

In all this maneuvering, the driller 
needs pay no attention whatever to any- 
thing but his speed master and drill-hoist 
selector switch, All paralleling, speeding 
up, and slowing down of engines is en- 
tirely automatic. When they are paral- 
leled, as on hoisting duty, there is no 
delicate adjusting of throttles to con- 
tend with or nursing of a smaller or de- 
fective engine. The automatic governors 
will make the engines take all the load 
of which they are capable, and no more, 
and make each engine parallel with the 
others. 


MANUALLY SELECTED COMBINATIONS 


It may be necessary to shut down an 
engine-generator set for maintenance pur- 
poses or simply because its power is not 
needed. It is desirable, therefore, to give 
each main drive motor two choices of 
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AF—Anmplidyne field 
AH—Antihunt coil 
pilot valve 
C—Control coil on pilot 
valve 


on 


feAltintace from shaftS on ie fe i 


governor to engine fuel rack 

P—Coil on pilot valve for paralleling engines 
R,:—Driller’s speed control rheostat 
R.—Antihunt rheostat 

R;—Rheostat load limit 

S—Governor shaft for connection to fuel rack 


engine-generator sets. This choice is 
provided by the manual transfer switches 
on the control panel. 

A selector switch for each engine, lo- 
cated on the control panel, will take away 
control from the driller’s drill-hoist selec- 
tor switch so that an engine may be re- 
tained on some special duty, such as driv- 
ing a mud pump for mud mixing even 
while hoisting. 


Electrohydraulic Engine Governor 


The internal combustion engine is es- 
sentially a constant-torque device over an 
adjustable speed range. It rapidly over- 
heats when submitted to overloads with 
resultant increase in maintenance. 

Since a drilling load is both intermittent 
and varying, it is highly desirable to run 
the engines only at the lowest speed con- 
sistent with the power required. This 
rate of speed saves both fuel and wear 
and tear on the engine. To appreciate 
this point, just imagine the maintenance 
and fuel consumption on an automobile 
engine if it is run always at top engine 
speed, and the car started and stopped 
at each traffic light with the clutch and 
gear shift. That procedure had been fol- 
lowed by the drilling industry with 
Diesel-electric drives up to the advent of 
the electrohydraulic governor. 

The fuel injection system on most 
Diesels is such that at low speeds, full 
throttle opening will overheat the en- 
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gines. That is, with the throttle wide 
open and the engine at low speed, actu- 
ally more fuel per stroke is injected than 
at fullrated engine speed. Thus arequire- 
ment of the governing system is to ad- 
just automatically the throttle stop as a 
function of engine speed. 


FUNCTIONS OF THE GOVERNOR 


The functions of the governor can be 
summarized as follows: 


1. It measures engine speed and adjusts 
the engine throttle to maintain this speed 
up to permissible full throttle opening. 


2. When the throttle is fully open and a 
further attempt is made to increase load on 
the engine, it automatically reduces the 
generator field. 


3. It automatically adjusts the position of 
the throttle stop as a function of engine 
speed. 


All these requirements are accom- 
plished rather simply by the electro- 
hydraulic governor. Refer to Figure 4. 

An electric tachometer produces a d-c 
signal proportional to engine speed. This 
signal is put into a solenoid operated pilot 
valve. The pull of the solenoid C is 
balanced against a spring. A slight un- 
balance in engine speed thus permits the 
pilot valve to let in a little oil, under pres- 
sure, to one side or the other of a ‘‘slave’’ 
piston, which can move as far as neces- 
sary in adjusting the throttle to restore 
the engine speed and thus the balance be- 
tween solenoid C and the spring. 

These factors are the elements of any 
governing system. Since the slave piston 
has no restoring spring and can take up 
any position necessary to balance the 
solenoid C against the spring, the system 
is isochronous. This condition means 
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levels, depending on the position « of: rheo- 


stat R;. It is usual to run the engines 
over either a 2/1 or a 3/1 ratio of 
range. The engine speed set by rheos 
R, is entirely independent of the load ' 


generator tries to put on the engine. Ry 
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is a part of the drillers speed master. 


Suppose now the generator load has — 
been increased slowly (or suddenly) until — 
the “slave piston’”’ has the throttle wide ~ 
Suppose — 
a further increment of load is imposed by © 


open and against the fuel stop. 


the generator on the engine. The engine 
slows momentarily, unbalances the pilot 
valve and moves the “slave” piston. A 
spring between the 
the fuel rack permits the former to move 
further. 


“slave” piston and © 


This additional movement of the © 


“slave” piston operates a rheostat Rs, 
which reduces the generator field, and 
therefore the load, just sufficiently to 
maintain engine speed. 

Let us go back now to the instant where 
the load on the generator has just brought 
the throttle to full throttle position. If 
suddenly two cylinders cut out because of, 
for example, clogged fuel injectors, the 
engine will slow down momentarily and 
the ‘‘slave’’ piston will move. Since the 
fuel rack is already against the stop, 
the “‘slave’’ piston will simply reduce the 
generator field and thus keep the remain- 
ing cylinders fully loaded, but not over- 
loaded. In this way the governor recog- 
nizes the engine’s ability to take load. 
Refer to Figure 5 where this condition is 
illustrated by a generator curve. 

With R, in the maximum engine speed 
position, the usual differential compound- 
wound generator volt-ampere character- 
istic for 100 per cent engine speed and 100 
per cent field current is followed from no- 
load current up to point X. At this point 
the governor reaches the fuel stop, and 
the load limit rheostat Rs shown in Figure 
4 takes over and reduces the generator 
As more ampere load is put on the 
generator, R; makes the generator char- 
acteristic follow the load limit line shown 
in Figure 5, which is, of course, a constant 
kilowatt or horsepower load on the en- 
gine. 

If a couple of cylinders were to cut out, 
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the fuel stop would be reached earlier at 


- some such point as Y, and the generator 


volt-ampere characteristic would follow 


- a constant kilowatt or horsepower curve 


below the other. Thus the governor auto- 
matically adjusts the load to suit the en- 
gine condition. This feature is very valu- 
able as the engines get older and less able 
to carry the same load than when new and 
in good repair. 

Of course, as the driller’s engine speed 
control rheostat R, is moved, the whole 
voltage characteristic moves up and down, 
as shown in Figure 5. 


Throttle Stop Positioning. As yet 
nothing has been said about ad- 
justing the position of the throttle stop 
as a function of engine speed. This ad- 
justment is done with a completely sepa- 
rate mechanism from that so far discussed. 
As shown in Figure 6, the fuel stop is 
adjusted by a ‘‘slave’’ piston and solenoid- 
operated pilot valve which are, mechani- 
cally, duplicates of those used for the fuel- 
rack control. This system simply posi- 
tions the ‘‘slave’”’ cylinder in response only 
to the position of the potentiometer rheo- 
stat Rs. 

Rheostat R; is on the same shaft as the 
driller’s engine speed control rheostat Ri, 
and, together, they constitute the driller’s 
speed master. 

Note that the ‘‘slave” piston drives a 
cam-shaped stop for the fuel rack. The 
shape of this cam is determined by the 
engine manufacturer’s curve of speed 
versus maximum-fuel, which is not a 
straight line. 

Any kind of servomechanism would 
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serve as well as that shown to position the 
fuel-stop cam as a function of engine- 
speed rheostat position, but a solenoid- 
controlled pilot valve and ‘‘slave” valve 
are most convenient, since oil under pres- 
sure is already available in the governor. 
The parts are duplicates of those on the 
throttle control. 

All the solenoid valves, ‘‘slave’’ pistons, 
fuel stops, oil pressure regulating valve, 
and rheostats Re, Rs, and R, are housed 
in one frame and mounted on the engine, 
convenient to the fuel rack, as illustrated 
in Figure 7. 

The antihunt circuit for the governor 
shown in Figure 4 consists of rheostat 
R,, a capacitor, and an AH coil on the 
pilot valve. A movement of the “‘slave”’ 
piston transiently introduces a force in 
the pilot valve in the opposite sense. 
This stabilizing action is very effective. 


ADVANTAGES OF GOVERNOR 


To recapitulate, the advantages of the 
electrohydraulic Diesel engine governor 
for d-c drilling rig equipments are as 
follows: 


1. It automatically prevents overloads on 
the engine, thus removing one of the prin- 
cipal causes of engine wear and failure. 


2. It provides engine speed control by the 
driller at a remote location by means of a 
very simple rheostat and electrical connec- 
tions. It thus permits the driller to run the 
engines at the lowest speed consistent with 
the required drilling operation. This fea- 
ture promotes both fuel economy and low 
maintenance. 


3. Paralleling several engine-generator sets, 
as required by the draw-works motor, and 
controlling them from one driller’s controller 
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Figure 6 (above). Sketch of electrohydraulic engine governor showing 
mechanism for adjusting throttle stop as a function of engine speed 


Figure 5 (left). Generator characteristics with electrohydraulic gover- 
nor load limit and amplidyne current limit 


is very simply accomplished by mechanically 
paralleling the speed control rheostats Ri. 
Proper division of load among the several 
engine sets is provided automatically by the 
governors. 


4. The governor provides a “wrap-around” 
or constant kw characteristic of the genera- 
tor around the engine characteristic, as 
shown in Figure 5. This characteristic per- 
mits the maximum torque at the maximum 


‘speed of the drilling motors at all points 


within the ability of the engines, instead of | 
only at one fixed point as with conventional 
2- or 3-field generator characteristics. This 
feature is, in effect, an automatic gear shift 
providing a continuously adjustable choice 
of ratios between the engine and the driven 
load. 


Amplidyne Control System 


An amplidyne is used, instead of a con- 
ventional exciter, to excite and control 
the main generator field because the 
greater amplification factor of the ampli- 
dyne requires only a few watts for the 
amplidyne field. This factor makes pos- 
sible the very small and extremely sturdy 
rheostats used in the governor (illustrated 
in Figure 7) and in the drillers speed 
master. 

The first requirement of the control sys- 
tem is that the generator voltage be 
manually controlled and adjusted in 
either direction. The principles of this 
system are shown in Figure 8. 

The driller’s control rheostat Rg is a 
potentiometer across a source of d-c con- 
trol power. A potential V2 from the 
potentiometer Rg is compared with a po- 
tential V, through the main amplidyne 
control field F,\Fz Note that Vi is a 
potential drop across a resistor A in the 
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Figure 7. 
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main generator field. Thus movement 
of the driller’s rheostat Rs adjusts the 


main generator field, and, as a result, the 


generator characteristics of Figure 5 for 
different values of generator field current 
are obtained. The very high amplifica- 
tion factor of the amplidyne makes Vj; 
always very nearly equal to V2. 

A set of forward and reverse contactors 
are actuated by pulling out the driller’s 
master switch handle before rotating it, 
giving forward or reverse generator field 
excitation. 

Instead of comparing the voltage V» 
with main generator field current, it 
might have been compared directly with 
the main generator voltage. However, if 
this were done, the amplidyne would try 
to nullify the action of the generator dif- 
ferential series field. Each time the main 
generator differential series field tried to 
pull the voltage down, the amplidyne 
would try to pullit up. Also, as has been 
proved by many types of installations, 
the stability of the system is much better 
if the control potential V2 is balanced 
against main generator field current, leav- 
ing the differential series field to do its 
duty. 

The engine load-limit potentiometer 
rheostat R; is inserted between the drill- 
er’s control rheostat Rs and the ampli- 
dyne control field F\F2, and is the same 
governor-actuated rheostat R; as shown 
in Figure 4. 

Since several generators are to be con- 
trolled in parallel from one driller’s con- 
trol master switch, when hoisting, several 
amplidyne fields can be paralleled on one 
Re rheostat. 

The potentiometer Rs, shown in Figure 


8, and the engine speed control rheostat 


R, (Figure 4) are on one shaft and form 
the complete drillers speed master. The 
complete travel of the drillers speed 
master is about 330 degrees. The first 
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The next function to be provided i is 


current limit so that the commutating 
ability of the generators and motors will 
not be exceeded, even if the motors stall. 
Likewise, it is desirable to limit the ap- 


plied torque on the mechanical equip-— 
ment to prevent damage. For example, 


the rotary-table-drive motor, when rotat- 
ing a long string of drill stem, may require 
a definitely limited maximum torque to 
prevent twisting it off. ; 

It should be understood clearly that the 
current limit function now under discus- 
sion is entirely separate and distinct from 
the engine load limit previously discussed. 
Current limit control is provided by a 
separate field on the amplidyne. This 
control field F;F,, illustrated in Figure 9, 
always is excited in the opposite direction 
from the control field FF; and must over- 
power it, and thus reduce main generator 
excitation whenever the main generator 
current reaches a certain value. 

The current limit must be ineffective 
until a certain selected value of current is 
reached, regardless of the direction of 
flow of that current, and be effective when 
that value is reached. 

In Figure 9 is shown the elementary 
diagram of the amplidyne connection used 
to accomplish this function. 

A pair of rheostats R; are placed across 
a source of d-c control power. This refer- 


ence voltage is compared, through a pair © 


of blocking selenium rectifiers, to the drop 
across the commutating and series fields, 
which is proportional to generator cur- 
rent. 

For one direction of main generator cur- 
rent, V3; must be greater than V4 before 
blocking rectifier BR, will permit current 
to flow in current limit field F; Fs. 

When the generator current reverses, 
which depends on a reversal of the control 
field F,F:, the drop V; is in the opposite 
direction. When V; exceeds V5, the 
blocking rectifier BR, permits current to 
flow in the current limit field Fy Fy in 
such a direction as to oppose control field 
Fy Fy. 

The effect of current limit control is 
shown in Figure 5. The cut-off point Z 
can be adjusted for any desired value of 
current by adjusting rheostat R;. While 
current limit begins to cut off at the con- 
trol setting of point Z, the generator cur- 
rent has to rise a further 10 or 15 per cent 
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Figure 8. Elementary diagram of eneldyne 


field and engine load limit control _ 
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before the current limit field FFs can 
overcome completely the control field 
F\F, and bring the generator voltage to 
zero. 


ANTIHUNT AND PARALLELING 


An antihunt field F;Fs is provided on 
the amplidyne so that any sudden rise of 
amplidyne voltage causes a transient cur- 
rent to flow through the capacitor and 
control field F;Fs, which opposes the 
change. 

A paralleling field Fy Fi» is connected, as 
shown, and connects to a similar arrange- 
ment on any additional generators con- 
nected in parallel. It tries to make the 
generator divide the loads and operates 
exactly by the same manner as a paral- 
leling connection on regulators. 


The paralleling field FyFio shown in 
Figure 9 is quite weak in comparison with 
the other fields and is mainly effective at 
light generator loads or for very sudden 
transients (for example, one generator out 
of several in parallel suddenly losing its 
field). Paralleling field FyF,)is completely 
overcome and supplanted in function 
whenever the load limit feature of the 
governor goes into action. 


Auxiliary Drives 


In addition to the main drive motors, 
there are a number of auxiliary motors for 
driving ventilating blowers, pumps, air 
compressors, shale shakers, blowout 
preventer, and bug fans. The require- 
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ments for such motors may total 50 or 
60 horsepower on a typical rig. Also, 
six or seven kilowatts is required for 
Approximately 15 


for the main drive motors. 


On Diesel-electric rigs, it has been the 
practice in the past to add a constant po- 
tential d-c auxiliary generator to each 
engine. A typical rating is 30 kw, 125 
volts d-c (125 volts has been selected in 


the past because of the lighting require- 


ments). 

Because the main engines are usually 
started by compressed air, a small bat- 
tery-started gasoline engine-driven gen- 
erator of five or ten kilowatts is installed 
to supply power to the air compressor 
motor, when the main engines are down, 
and to supply lighting power when rig- 
ging up or tearing down the rig. 

This almost universal practice of sup- 


plying 125-volt d-c auxiliary power re-— 


quires expensive d-c auxiliary motors and 
d-e control, generally with explosion- 
proof enclosures. 


Since the auxiliary drives require only 
constant-speed motors, a-c auxiliary 
power is recommended. This a-c power 
permits very simple sturdy control and the 
auxiliary motors to be squirrel-cage in- 
duction motors, explosionproof if desired. 

A very careful analysis of the costs of 
d-c versus a-c auxiliary power reveals that 
the cost of auxiliary equipment for a-c 
power is about 25 per cent cheaper than 
for d-c power. In making this compari- 
son, two full capacity engine-driven 440- 
volt, 3-phase 60-cycle alternators were 
included. One of these alternators is a 
complete spare to the other, since the 
entire rig depends on this auxiliary power 
being available. 

The cost comparison includes the cost 
of two auxiliary engines, but takes credit 
for eliminating the small 5-kw emergency 
lighting engine generator and reducing the 
size necessary for the main engines. 


The use of entirely separate engine- 
driven auxiliary power generators is made 
even more desirable by the use of ad- 
justable speed main engines. If d-c 
auxiliary power generators are driven by 
the main engines, they have to give full 
output at the lowest engine speed. T his 
condition increases the cost of such d-c 
auxiliary equipment, and the foregoing 
cost comparison was made on the basis 
of running the main engines over a two to 
one speed range. With a-c auxiliaries, 
the lighting circuits are standard 115 
volts, stepped down from 440 volts by 
transformers. 


The advantages of a-c versus d-c 
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Figure 9. Elementary diagram of amplidyne 
control showing current limit, antihunt, and 
paralleling fields 


auxiliaries can be summarized as follows: 


1. About 25 per cent reduction in first cost. 


2. The main engine-driven-generator units 
are simplified, lighter, easier to move and 
set up because of the elimination of the top- 
mounted belt-driven constant-voltage d-c 
auxiliary generators, and the consequent 
reduction in size of the main engine required. 


3. The main control panel is reduced in 
size and weight because of simpler a-c in- 
stead of d-c control for auxiliaries. 


, 
4. Auxiliary a-c power at 440 volts, 3 
phase, requires smaller cable to distribute 
power than does 125 volts d-c. 


The disadvantages of having two small 
100 or 125 horsepower internal combus- 
tion auxiliary engines to maintain are 
more than overcome by not having to 
run the main engines when only auxiliary 
power is required. Also, the 5- or 10-kw 
engine-driven set is eliminated. 


Ventilation 


The main rig motion motors are usually 
force-ventilated because they frequently 
are required to operate at very low speeds 
and full torque. Also, it is desirable to 
bring in fresh air, free from explosive gas 
mixtures, to eliminate the explosion haz- 
ard which would otherwise be present 
when the well strikes gas. 

The most usual method of ventilation 
is to. mount a small motor-driven blower 
on the top of each main d-c motor and 
run a duct away from the derrick to a 
safe source of fresh air. 

These ducts have been made of steel in 
the past and are considered a nuisance to 
tear down and move approximately every 
two months. There is now a probability 
of obtaining flexible rubberized non-col- 
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lapsible ducts which will be very easy to 
move. . ry 

The generators are self-ventilating and 
are located away from the derrick in a 
nonhazardous area. 1% 

On barge-mounted rigs, there is usually 
a central blower system, and air is piped 
to the various motors. 

Because of the duty on the coring-reel 
motor, it usually can be totally enclosed 
and one-hour rated, thus eliminating the 
cumbersome duct work. However, to 
make this large totally-enclosed motor 
truly explosionproof would be very ex- 
pensive, but it is a very simple matter to 
infiltrate a very small amount of safe 
air from the compressor system to keep 
this motor purged and under slight pres- 
sure. 

Frequently, the mud pumps are located 
far enough away from the rig so that no 
duct work is necessary to bring in safe 
air, and their blowers take air directly 
from the ambient surroundings. — 
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Synopsis: _ This paper presents an extension 
of the conventional method of calculating 
-speed-torque curves for d-c series motors 


used with dynamic braking controllers, 


which permits determination of the stability 
limit with overhauling loads such as occur 
on crane hoists. It is shown that such 
stability limit can be increased by the 
addition of series resistance. 


N laying out control equipment, the 
design engineer looks for methods 


which enable him to calculate, with a 


minimum of effort and with reasonable 


accuracy, the speed-torque curves ob-— 
tained on various controller points. Di- 


rect-current series motors are widely used 
for heavy duty intermittent drives, such 
as cranes, hoists, ore and coal unloaders, 
and other material handling equipment. 
Control of such motors is obtained by 
inserting resistance in the various 
branches of the motor circuit, that is, the 
armature and the field. 

Considering that commercial resistors 
may deviate as much as ten per cent from 
their rated resistance, that line voltage 
may vary by ten per cent or even more, 
and that it is difficult on most motor ap- 


plications to predict actual load conditions 


within a few per cent, it does not appear 
necessary to forecast motor performance 
with a greater accuracy than a few per 
cent. It is of greater importance to have 
a method available which permits mak- 
ing approximate calculations quickly so 
that control systems can be compared and 
analyzed without spending an undue 
amount of time and effort. 

A simple method of calculation which is 
widely used by design and application 
engineers has been described by A. A. 
Merrill. The information required from 
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f 


the motor Beige is the characteristic 


curves of the motor, in which speed and 
torque are plotted as a function of motor 


current, as wellasarmature resistance Ry,y — 


commutating field resistance R,, series 


field resistance Ry, and equivalent brush 


drop resistance Ry. As the armature and 
field current of a series motor are nor- 
mally the same, all values entering into 
the calculations can be expressed in terms 
of either field or armature current. 


* 
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Per unit characteristic curves of 
d-c series motor 


Figure 1. 


Average of line of 30-minute-rated mill motors 
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Figure 2. Factor K, calculated from Figure 1, 


as a function of field current 
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’ in per unit, based on rated values. 


base Mgt : 

motive force at ra 
rated speed & . 

base resistance = base voltage divided 
base current 

base flux=flux per pole cae tated 


Ut 
load speed and rag ¥: oS 


Figure 1 represents he average char- cy 
acteristic curves of a line of 30-minute- 
rated mill type d-c series motors. All — 
values are expressed in per unit, based on» 
rated 30-minute load. The actual load 
expressed by base current or base torque 
is higher than the same machine would be 
required to carry if it wereratedonacon- 
tinuous basis. Consequently, the mag- 
netic and electric loadings are high, and 
the effects of saturation and armature 
reaction are more noticeable than for 
continuous rated machines of similar 
physical size, when loads are expressed 


a 


Conventional speed-torque calcula- 
tions are based on two fundamental 
equations for dynamo electric machines 
which state that 


Pees 
and 
T=k,q (2) 
where 


E=generated voltage 

T =developed torque 

¢=magnetic flux per pole 

I,=armature current 

S=speed of rotation 

k, and k,=constants, the value of which is 
determined by motor design and by 
the units of Z, R, Jz, and S 


Let 


kyp=K, and kip=K, 


Then 
E . 
CRS (3) 
and 
T=KyJIq (4) 
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‘In the per unit system, Kapuy and 


Kypuy have the same numerical value 


_ because they are both directly propor- 


tional to the magnitude of the flux. 
This may be shown as follows: a 


E ; 
Thies noir =Rshbaee 
base 
Kau =kshi 
K 
Kou) = K - 
Sbase 
Rshi 
Rstrase 
pha $1 
base 
T 
Ky base = ers =k Ase 
Vian 
Kn =k, 
K, 
Kyu) poi 
tbase 
_ Rb 
RiPpase 
x oul 
dbase 
Therefore 
Ege = Kyou =K (5) 
Also 
Eu) 
K (pu) = 6 
3(pu) gj. ( ) 
and 
Tou 
Kron =7 (7) 
a(pu) 
Therefore: 
eee (8) 
S(pu) 
or 
; T (pu) 
K=—— (9) 
Tq(pu) 
and 
Ewu) 
Sacra 10 
S(pa) K (10) 
T (pu) = KT (pu) (11) 
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Figure 3. Speed- 
torque curves of a 
dynamic _ braking 
controller, calcu- 
lated with constant 


K 


1.2 62, 


Values of K may be calculated from 
Figure 1 by equation 8 or 9. When equa- 
tion 8 is used, Eypuy is obtained from the 
equation 


Eu = Vou — ‘a(pu)Rg(pu) (12) 


where 

Vu =per unit line voltage 

Tqcpuy = per unit amperes in armature circuit 
Rau) = per unit ohms in armature circuit 


For generator operation, E(pu) is given by 
Eu = VeowtlJawnRaiwu) (13) 


The data so calculated are then plotted 
against field amperes as illustrated by 
Figure 2. The data shown in Figure 2 
are based on values and curves given in 
Figure 1. 

Speed and torque for any given set of 
conditions can be calculated using Figure 
2. When field current, armature current, 
line voltage, and motor resistance are 
known, generated voltage is calculated 
by equation 12 for motor operation, or 
equation 13 for generator operation. 
Speed is then obtained from equation 10, 
and developed torque from equation 11, 
using the value of K corresponding to the 


Figure 4. Factor K 

for d-c machine 

operating as motor 
or generator 


Average of line of 
30-minute-rated mill 
motors 


=155 
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given field current. The shaft torque 
may be obtained by multiplying the de- 
veloped torque by torque efficiency for 
motor operation, or dividing the de- 
veloped torque by torque efficiency for 
generator operation. In subsequent 
speed-torque calculations, torque effi- 
ciency is considered to be unity. — 

A family of speed-torque curves for a 
dynamic braking controller, calculated by 
the method described above, is given in 
Figure 3. In this type of controller, the 


‘series motor is connected as a shunt 


machine on lowering points. Heavy loads 
overhaul the motor, which acts as a shunt 
generator and develops a dynamic brak- 


ing torque restraining the load. This 


torque is indicated as positive in Figure 3. 
An empty hook or a light load is driven 
down by the motor, which acts as a shunt 
motor, deliverying a torque to accelerate 


the load. This torque is indicated as. 


negative. Line voltage used for the cal- 
culation is 1.16, total internal motor re- 
sistance being 0.16. 

The calculated curves of Figure 3 
show that any desired no-load speed can 
be obtained by inserting sufficient re- 
sistance in series with the field. The 
straight-line curves give the impression 
that speed varies only slightly within the 
operating range between motoring and 
generating. This conclusion is incorrect. 
J. A. Jackson? has called attention to 
the fact that when operating with weak- 
ened field, the motor develops less dy- 
namic braking torque than the curves of 
Figure 3 indicate. As braking torque and 
armature current increase, armature reac- 
tion plays an important role, reducing the 
effective flux. For a given overhauling 
torque, the speeds are higher than the cal- 
culation indicates. There is a definite 
limit of dynamic braking torque which 
the machine can develop with a given 


-0.5 ce) 0.5 1.0 1.5 2.0 
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amount of field current. If the load ex- 


ceeds this torque, the machine becomes 


unstable, and a runaway condition re- 


sults. To calculate the actual perform- 
ance and the stability limit, it is neces- 
sary to abandon the concept that K is an 
independent function of field current. 


x 


Stability Limit 


To obtain a true picture of the varia- 
tion in the value of K with variation in 
armature current, it is necessary to test 


the motor over a range of loads both 


motoring and generating at several dif- 
ferent values of field current. The aver- 
age results, expressed in per unit values, 
of a number of such tests on a line of mill 
type d-c series motors are given in 
Figure 4. It has already been shown that 


- the value of K is directly proportional to 


the magnetic flux in the motor, and it is 
evident from the curves of Figure 4 that 
the magnitude of the armature current 
does materially influence the amount of 
magnetic flux. This influence is the result 
of two factors: 


1. Demagnetization produced by cross- 
magnetizing armature reaction. 


2. Magnetization or demagnetization pro- 


duced by currents flowing in armature coils 
undergoing commutation. 


The theory of demagnetization pro- 
duced by armature reaction may be 
found in any textbook on d-c machinery. 
In brief, the cross-magnetizing reaction 
produces a distortion in the flux distribu- 


_ tion between the main poles and the ar- 


mature which, because of the character- 
istic shape of the saturation curve, results 
in a net loss of flux. The effect is the 
same whether the machine is operating 
as a motor or as a generator. 

The magnetizing or demagnetizing 
effect produced by current in the arma- 
ture coils undergoing commutation would 
not be noticeable in a commutating pole 
machine if compensation could be ad- 
justed exactly for all conditions of load. 
However, the magnetic loading of 30- 
minute-rated d-c motors is high, and this 
leads to saturation of the commutating 
pole magnetic circuit at heavy loads. 
When saturation occurs, the machine is 
operating in an undercompensated con- 
dition, and the current in the armature 
coils short-circuited by the brushes then 
has sufficient magnitude and such direc- 
tion as to produce a direct magnetizing 
or demagnetizing effect on the main pole 
magnetic circuit. Analysis shows that 
this effect is demagnetizing for generator 
operation and magnetizing for motor 
operation. 

Considering the combined effect of 
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Figure 5. Developed torque, motoring and 
generating 


* 

these two phenomena, it will be noted 
that they are additive and demagnetizing 
for generator operation. It is to be ex- 
pected that the result would be an ap- 
preciable loss of flux, and the test results 
presented in Figure 4 confirm this expec- 
tation. For motor operation the two 
effects are opposing, and the loss of flux 
at heavy overloads is much less, particu- 
larly at very heavy and very light field 
currents where the effect of cross-magnet- 
izing armature reaction is minimum. 

The loss of flux with increasing arma- 
ture current when operating as a genera- 
tor results in very definite torque limita- 
tions. Equation 11 states that developed 
torque is equal to the product of K and 
armature current. Since K is an inverse 
function of armature current for generator 
operation, the product has a definite 
maximum value, as illustrated by Figure 
5. It is the maximum value of torque 
which determines the limit of stable 
operation. When it is exceeded, even 
under transient conditions, dynamic brak- 
ing control is lost and cannot be regained, 
because increase in speed corresponds to 
decrease in torque. With loss of braking 
control, the load quickly accelerates to a 
dangerous speed. 

In order to indicate the significance of 
variable K to the speed-torque curves of 
a dynamic braking controller, Figure 6 
shows the actual performance curves ob- 
tained with a series motor, connected as a 
shunt machine. These curves apply to 
the same circuit and field conditions as 
Figure 3, but variable K has been used 
from Figure 4. The no-load speeds ob- 
tained by the two methods of calculation 
differ only slightly. In the region of 
power torque the curves differ somewhat, 
and especially with weak field the slope of 
the curves with variable K is less than for 
the curves calculated with constant K. 

Performance in the dynamic braking 
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Speed-torque curves such as plotted in 

Figure 6 represent steady-state operating 
conditions. While switching between 
controller points, transient armature cur- 
rent peaks and corresponding torque 
peaks occur. Even though the steady- 
state stability limit may be greater than — 
full-load torque, switching transients may _ 
cause the stability limit to be exceeded, 
resulting in a runaway condition. This 
means that the control designer is not 
free to select any no-load speed he can ob- 
tain by field weakening. The amount of — 
field weakening which is permissible, and _ 
thus the no-load speed which can be real- : 
ized, are definitely limited by motor — 
stability when lowering full load. 


Effect of Series Resistance 


A simple method of increasing the sta- 
bility limit is to insert a block of resist- 
ance in series with the parallel circuit 
formed by the armature and the field. 
Resistance between 0.10 and 0.20 has 
only a slight effect on no-load speed and 
on the slope of the curves in the motoring 
quadrant. In Figure 7 a set of speed- 
torquecurvesis plotted for the same circuit 
conditions as in Figure 6, except that se- 
ries resistance of 0.15 has been added. 
For each curve the amount of resistance 
in series with the field is held constant at 
such a value that the indicated value of 
I, would be obtained if R, were zero. On 
each curve there is a point at which no 
current is taken from the line, and at this 
point the indicated value of J; actually 
flows through the field, whereas under all 
other operating conditions field current is 
either somewhat smaller or larger. 

Series resistance has the effect of chang- 
ing the distribution of current between 
field and armature at any given operating 
point. In the range of motoring and 
light overhauling torques, field current 
is smaller than it would be without series 
resistance. This is of no practical conse- 
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Figure 6. Speed-torque curves of a dynamic 


braking controller, calculated with variable K 


from Figure 4 


No series resistance 


quence, as this is a stable motor operating 
range. Under high overhauling load con- 
ditions, however, the field current is 
greater. As factor K imcreases corre- 
spondingly, the motor is able to develop 
a higher braking torque, and the stability 
limit occurs at higher load. Comparing 
Figure 7 with Figure 6 for each value of 
field current, the slope of the curve is de- 
creased in the higher torque region. 
Assuming that the controller design 
permits transient torque peaks of twice 
normal when switching between controller 
points, the stability limit should occur at a 
braking torque of not less than twice 
the torque required to lower rated full 
load on the hook, that is, 20.72= 1.44. 
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Without series resistance, a field current 
of 0.70 would result in a runaway. With 
series resistance, a field current of 0.60 
(at zero line current) would still be per- 
missible. 


Conclusions 


The method of calculating speed-torque 
curves by using a variable factor K can be 
used for any d-c series motor for which 
sufficient test data are available for de- 
termining K both for motoring and gen- 
erating operation. While the per unit 
data given in this paper permit the cal- 
culation of performance curves for the 
purpose of comparing various control 
circuit designs, actual motor test data 
may vary over a considerable range and 
must be used to determine the perform- 
ance of any given motor application. 

In designing dynamic braking control- 
lers, using the motor field with suitable 
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Figure 7. Speed-torque curves of a dynamic 
braking controller, calculated with variable K 
from Figure 4 


With series resistance 


Values of field current Ip indicated on curves 

exist only for the condition that line current 

is zero. Field resistance Rp for each curve 
is the same as in Figure 6 


resistance in parallel with the armature, 
resistance in series with the parallel cir- 
cuit formed by field and armature should 
be used to increase the motor stability 
limit. 
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Operating Ese With D Dita 
Ground Relays | 
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'W. A. WOLFE 
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ISTANCE RELAYS for protection 
against wire-to-wire, two wire-to- 
ground, and three phase faults on trans- 
mission lines have met with wide accept- 
ance. However, the use of distance relays 
for protection against single wire-to- 
ground faults has been limited to rela- 
tively few installations. From the in- 
formation available, it would seem that 
the Kansas Gas and Electric Company 
is one of the few companies using distance 
ground relays. 
the use of these relays over the past seven 
years has demonstrated their reliability 
and good operating performance. 


Theory of Distance Ground 
Measurement 


The theory of distance ground meas- 
urement was first presented in 1931.1 In 
general, distance relays compare the 
magnitude of a voltage with that of a 
current, the ratio being an indication of 
the distance to the fault. Zero sequence 
current and voltage (usually associated 
with ground relaying) are not suitable for 
distance ground relaying, because a com- 
parison of these quantities is not a meas- 
ure of the distance to the fault. The zero 
sequence voltage at the relay is equal to 
the sum of the zero sequence voltage 
drops from the relay to the source of 
ground current, and not from the relay 
to the fault as is required in distance re- 
laying. Instead of these quantities, dis- 
tance relays for ground faults use phase- 
to-ground voltage with the current in the 
corresponding phase, thus requiring three 
relays for the protection of each 3-phase 
line. This number is in addition to the 
relays required for protection against 
phase faults. For correct distance meas- 
urement under all system conditions, re- 
actance type relays must be used and 
suitable compensation must be applied. 
The compensation used involves the 
zero-sequence current in the line section 
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being protected and in the parallel line, 
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As already shown,!? the general ex- 
pression for the line-to-ground voltage at 
the relay during a line-to-ground fault 
(see Figure 1) is 


Z Zz 
Eyg=mZign ( laorthar— a 


Moon 
Zign 


hex 


)+ aor tans) Rg (1) 


where 


E,q=line-to-ground voltage, A phase at G 
m=fraction of distance from G to H at 
which fault is assumed to occur 
Iqgr=phase A fault current in faulted line 
at G 

Iogr =zero-sequence fault current in faulted 
line at G 

Zign = positive-sequence impedance, station 
G to H 

ZogH =zero-sequence impedance, station G 
to H 

Mogx =zero-sequence mutual impedance 
between the two parallel lines from 
Gto H 

Ihe y =zero-sequence fault current in parallel 
line 

Igur=phase A fault current from opposite 
end of faulted line 

Rg=fault resistance 

G=substation where relaying is " considered 

H=substation at opposite end of line section 

F=fault location 


Looking at equation 1, it will be ob- 

served that if we could obtain a single 

current for the relay equal to the current 

expressed within the first brackets, namely 
Trelay = agr+log foout fron 5 Moon 
Lian CFigk: 

(2) 


we obtain a very simple result, as follows: 


E I I 
le} Zions (Merten, (3) 


relay Trelay 


Zr= 


where: 


Zz =impedance indicated by the relay 
Tretay =Current through relay 


The first term of this expression is di- 
rectly proportional to the distance from 
the fault to the relay and is independent 
of conditions external to the section being 
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_ of the protected line and combines it with 


to vary over wide: ila ae a 
the fault resistance experienced ta wire 
to-wire faults. 
In practice the proper. + relay current — 
is obtained by the use of an auxiliary — 
current transformer which takes the 
proper proportion of the residual current 


the proper proportion of the residual cur- 
rent from the parallel line (if any). In — 
one type of distance ground relay, this 
current is added to the phase current 
Lor (equation 2), and the total fed into — 
the relay. In another type of distance 
ground relay, the phase current I,¢, is fed 
into one winding of the relay, and the 
output of the auxiliary current trans- — 
former is fed into a second winding of the _ 
relay. Both windings then operate on 
the same element. The net result is the 
same. 

A vector diagram of the currents and 
voltages involved in distance ground re- 
laying is shown in Figure 2. In one type 
of distance ground relay, instead of using 
the voltage 90 degrees from the faulted 
phase for polarizing the directional ele- 
ment, as shown, residual or zero phase se- 
quence current and voltage is used in the 
directional element. 

Figures 5 and 6 show examples of 
typical installations of distance phase and 
ground relays. 

Figure 7 is a typical wiring diagram for 
an installation of one type of distance 
ground relays. The phase relays are not 
shown. 


Reasons for Use 


There are several reasons why distance 
ground relays were considered justified 
and installed on the Kansas Gas and Elec- 
tric Company system instead of ordinary 
directional ground relays or carrier pilot 
relays. The reason why Peterson coils 
could not be used also is explained. 

Distance ground relays give the same 
high speed protection against ground 
faults that distance phase relays give 
against phase faults. Each line section is 
protected selectively without cascading 
settings. Although, in general, it is not 
necessary to cascade the settings of di- 
rectional ground relays to anything like 
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a Figure 1. One-line diagram of assumed 
. system 


603-4 


_——— 


DIRECTIONAL E 
VOLTAGE b 


Ec 

Figure 2. Vector diagram showing relation 

of currents and voltages for a one-wire-to- 

ground fault on phase A; Ireisy=total of 
three components, namely: 


(1). Iggr=current in phase A 
LDeu—Zicx 


(2). her =a percentage of the 
Zicu 
zero-sequence current in the protected line 
M. 
(3). Ign =a _ percentage of the 
Zick 


zero-sequence current in the parallel line 


the extent necessary in the case of con- 
ventional overload phase relays, high 
speed distance ground relays do offer a 
very substantial saving in relaying time 
in most cases. This fact is especially true 
where there are a number of stations be- 
tween grounding points, as on the loop 
between Wichita Plant and Midian, by 
way of 64th Street substation and Au- 
gusta (see Figure 3). The time saving to 
be gained by the use of distance relays 
instead of induction type ground relays 
is illustrated in Figure 4. 

A very high percentage of all line faults 
on the Kansas Gas and Electric Com- 
pany’s 60-kv system are one wite-to- 
ground. For example, out of 451 “‘trip- 
outs,” which have occurred on circuit 
breakers relayed with distance ground re- 
lays since their installation, 378 (83.8 per 
cent) were one wire-to-ground and 73 
involved more than one wire. 

Although the shock to the system is 
less severe for single wire-to-ground 
faults than for faults involving more than 
one wire, the large percentage of ground 
faults was considered justification for an 
expenditure for ground relaying equal to 
that for phase relaying. 

Ground faults, when not cleared rap- 
idly, frequently result in burned down 
conductors or overhead ground wires. 

The cost of an installation of phase and 
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25MWA 
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Oe 


26MWA “% 
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DISTANCE GROUND 

OVERCURRENT DIRECTIONAL 


OVERCURRENT NONDIRECTIONAL 
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dtr lee 


44.6 MILES 


64TH ST. 
SUBSTATION 


GROUND DIRECTIONAL Pa 


13.7 MILES 


ARKANSAS CITY 


66 KV 
T00.G.&E. CO. 


Figure 3. Central Kansas 60-kv system of the Kansas Gas and Electric Company 
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A—Distance relay us 
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characteristic; all but ae 
last 10 or 15 per = 
cent of line is instan- = 
a 


taneous trip 
B—Induction relay 
characteristic 


SUBSTATION 
A 


ground distance relays is approximately 
half the cost of a carrier pilot relay in- 
stallation. This cost makes complete 
distance relay protection for all types of 
faults very attractive in those cases where 
good relaying is desired, but where there 
exists no real necessity for going to carrier 
relaying. 

It was not feasible to consider the use 
of Peterson coils on this system because 
of its complexity and number of ground- 
ing points. But, the main reason was that 
at Midian and Arkansas City (Figure 3) 
large autotransformers are used having 
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RELAYA 


Se aie 


RELAY A RELAY B 


SUBSTATION 
B 


RELAY A 
ZONE 3 


RELAY B 


RELAY C 


SUBSTATION 


(A) 


Saas 


SUBSTATION 
Cc 


(B) 


SUBSTATION 
D 


graded insulation and solidly grounded 
neutrals which could not be isolated from 
ground by a Peterson coil. 


Disadvantages 


Distance ground relays have the disad- 
vantage of being more complicated than 
distance phase relays. They require a set 
of auxiliary blocking relays, which block 
operation upon the occurrence of wire-to- 
wire or two wire-to-ground faults, in order 
to prevent overreaching into the next line 
section on these types of faults. As pre- 
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Table |. Typical Relay Operating Record 
Ripley Midian Line 


a 


OCB Number Date Time Relays Cause 

B50 0) Co pcre ecko een)! CS eenererar ion 8-15-44......... LU42 actmiccct Geer c GiB Ie oie siceetene eee Ligntning 

Midian... 25.3 Ola aac. B-15°44, oo 1 ke: ARE We oc a nai GBS @ jersdete ores Lightning 

Ripleyin.<. 6 ws « GLARE scrote vere AaV 0-44 cnetelevete OtD7 MDM ixasnety eae SB =.ooaee ote Lightning 

sMudiatiiees ine = GL eer aero 4-10-44......... ORD TED ol eeiietat each Ager ntsun Lightning 

TRiple yews as [| ee A ee 7 ye. &. a ee VAG ie Me. tore are CGBLY Oo ae soo aves Lightning 

Midjaney: aan 0 « ae ae OURO Cy ae: ee WAG atgleesumers 5-13 ee eee eee Lightning 

pRupleven sar ne car B14 Pees aes 4-23-44......... CIP teln Ope a Sear cet tec Artois acto Lightning 

DMidian: 37. sete < ays GUS ie cya crs ore 4-24-44......... Bis 8: Pe tad chinteve stare Gr Ae eine ailctiecare Lightning 

IRaplewee soc. + OLE ecw ss. OF Lee! 1:02 a.m... LA | rarnaemenrtacs ar Lightning 

Midian 2.552. > GRAS ence sie os = Wedge, 5. enti DS OZ Aree gavel sivca GBI Sao tats Lightning 

Rapley sete. ccn tas OLA Roe eres a co §-29-44......... 4:39 p.m... GBs Pes nce se Lightning 

WMidiatlae. eos « oD eas 5 Hite 5-29-44......... AivBO. PIs cys'a/aigre era oe GB ash senate Lightning 

RIDE V. ee ess eva GUA. scapes 7- 8-44. 9:17 p.m GB ° ape cae Lightning 

Midianaa. 1. «ic. G4 Sersian eter BABES hg ots or 20 WLC) DedoRars e GBD iets eerie Lightning 

Ripley. cciccicsie < Ge attinttice ¥ fo: 9 Ree Os SELT PW, ieee ec a GB nidekcudeke Lightning 

Midiane. = .\.7:. GLAS. evar 7-10-44......... OF LduPsTtenr GB es crue Lightning 

Ripley txcs. os 3 G4 so. fost Fad Pat es he eat era MMe. bonne rule GSES se top avewe ocae Lightning 

Midian... sch. (ip earn aan 7-11-44......... OPPO TE WR Ao cee ie Me Ge Lightning 

RIM GN irae. ones OLE ta ce ste ae VOet4: oes Si 42acms oes ene s GBISAL . cise Lightning 

WMidianiiec.c« 4s Co: Ra ee ff Se a 8:42 a.m Cy ha eva oa Lightning 

Ripleyaoocswse a O14: 25k 7225-44 eae BIO ;3 EU SId oe srereva, sameeren GIB ie Bo cim eee Lightning 

Gian. oe wines 2 G14 cK rewire N= 20-44 oo tog wicks BeOS Bay -1) <1 ends ols BITS Pears Lightning 

Na ty yes ese, one OLS a niente irons poy Ge ee | ie aes 9:43 p.m... CCT gta, oe Lightning 

a bG WOT, SS Seer Glare leatsicrers 7-27-44... 0.005 OAS DiMlescdseisce ss GET Te, esate Lightning 

Ripleyemic ye Pac OA Rey one 8-13-44......... 5:50 p.m PGB LAU ocx s olene Crossarm broken 

IMA dian sy. siei<asar GIA Sh or ache 8-13-44......... 5:50 p.m PACE ictseaninne Crossarm broken 

IMidsan er crs. OU « capescitse pI 2 ee SOL (Pues aes: seals GB2 rr). Crossarm broken 

Ripley srs wv. OA saree swe ure 8-13-44 Se we GS2U Osea weet GBI-AIia...scne. Crossarm broken 

Ripley. ces it aaa 9-10-44......... 4920 eRe; eso. GEL) wy gcse Lightning 

iT SE eee EE Se eA ae 9-10-44......... 4:20 a.m... CEES Sores th tin ais Lightning 

Ripley. sacs cisiw.s BRAIN inuatatehs Libs Duae A ems + 1OI37 piso. ate oe CELT et. Pee Lightning 

IMA TAN 2, eta oie -ehs BRA sia ia.c snake Ls 2-44 inks WOSS7 Ms Mis trerareee seen GBi PAs es Lightning 

Table Il. Typical Relay Operating Record 
Augusta—64th Street Line 
OCB Number Date Time Relays Cause 

AMSGUSEAR. cp custas es ye ene ee M27 eee E228 Git. eie esas ae rs. stators Wind storm 

64th Street......... GAD Ae a eile 1-27-44......... 12:28 a.m PAV telarels ayers Wind storm 

Augustasas erase vo G12): Sot ae 4-26-44..5.7,7.,12/37 a.m GGP, ...Lightning 

64th Street......... rer es oie A 4-26-44......... 12237 A.Mss cass «+ Ch. yc... LI GRining 

AMBUSTAS sooo acapeis (Sine ee aie 6 8-44, tase cere Bed P.M yes cok (E77, 8 Sareea Lightning 

64th Street......... St ee 6= BAA Me oie ord. 24 DIS eaten oie GAI,........Lightning 

PRUUQ INCA Face Suche cietels (i) eee ete GAL B-A4. elerocte «VS LOM DT Ia crake haere Ge ipl arestn's wtdaye Lightning 

O4th Streets... .2.<5-O12\.0h ee 6-18-44 > Mh aD DAM Ms clete yee GER ia cere wre Lightning shattered 
insulator 

AUEUSA So vae ose: APR es 6-18-44......... 7 PAG DAMA aes eh i GB1 ..Lightning shattered 
insulator 

AMPUSER aR cine eles. > GUZ aornc ks eke 6-18-44 ae SO Ds Sienisae ce ste es GB1 . .Lightning shattered 
insulator 

INSEE See eoric ce 62 Rearee M21 AL. os a OO PI 7 ICU SS sin one Re LARHUMIN 

GAth Streets. ee. 612 yt 7-27-44 . 9:53 p.m piern aeareselOe Cri einainisis 1s Lightning 

AMIS TISED Fo. .lo ce cieie gus 1) Pg etic 8-24-44 » POI a.ma Tet ecietasese GBiie. a... wee btning 

64th Street.... OL Ssdaane 8-24-44 . 7701 a.m Bl ara «bale tet Lightning 


viously mentioned, they also require an 
auxiliary current transformer for zero- 
phase-sequence compensation. The ex- 
perience has been that these disadvan- 
tages are not of such a nature that they 
should preclude the use of distance ground 
relays. 

The relay installation for each oil cir- 
cuit breaker consists of three distance 
phase relays and three distance ground 
relays, a total of six relays. It would be 
possible, by means of current and poten- 
tial switching circuits, to reduce the num- 
ber of relays required to one phase relay 
and one ground relay,** but with some 
increase in tripping time. It is believed 
that the scheme employing two relays 
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has its principal application on subtrans- 
mission lines, 33 kv and lower, rather 
than on important 60-ky and higher volt- 
age lines. 


Relay Installations 


The first installation on the Kansas Gas 
and Electric Company 60-kv system was 
completed October 6, 1938, and was fol- 
lowed from time to time by other installa- 
tions, until at the present time ten in- 
stallations of distance ground relays are 
in service. 

A 1-line diagram of the Kansas Gas and 
Electric Company Central Kansas 60-ky 
system is shown in Figure 3. The loca- 
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Figure 5. 
distance ground relays (the three top relays 


Installation of distance phase and 
are ground relays) 
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Installation of disenae phase and 
distance ground relays for two 60-ky circuit 
_ breakers 


Figure 6. 


The phase relays are across the top of the 

panel and the ground relays are across the 

middle. The relays in the lower section are, 

with the exception of the auxiliary blocking 

relay, associated with the ground relays for 

automatic reclosing and synchronous check 
functions 


tion of distance ground relays is indicated 
by symbol on this diagram. The dates on 
which the various installations were com- 
pleted are as follows: 


epley Glas ede te, sts Sao October 6, 1938 
64th Street 602.......... April 4, 1941 
64th Street 612......°... April 4, 1941 
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RELAY TRIPS FOR] AUXILIARY 
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Figure 7. Typical wiring diagram for one type of distance ground relay installation 


Attgusta G12 anew ee ue May 9, 1941 
Wichita G04722t ar voe. June 7, 1941 
Midian 608..... ; .. July 14, 1942 
Midian 614..............July 28, 1942 
Attgusta O08 si...) ae August 17, 1942 
BoemteGOZee wee 7 ten February 4, 1943 
Boeme 6045 ns. e oe se February 4, 1943 


Previous to the installation of distance 
relays and other modern relays on this 
system, induction overload and direc- 
tional relays were used. Ground relays 
were installed on only a few of the circuit 
breakers. Co-ordination between the re- 
lays on the various circuit breakers was 
by time sequence, taking advantage of 
the diversity of current flow in the vari- 
ous circuits under fault conditions as 
much as possible. Instantaneous over- 
load relays, set to cover 90 per cent of the 
line length under maximum generating 
conditions, were used on lines which were 
long enough to secure reasonable coverage 
under average generating conditions. 
At this stage, Boeing and 64th Street sub- 
stations had not been built and the 
Wichita—Augusta line was one continuous 
line. Nor had Ripley been built, but 
there was a 60-kv substation not far from 
the plant site having three 60-kv circuit 
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breakers, making the same system con- 
nections as the three circuit breakers at 
Ripley do now. Even with the help of 
the instantaneous relays on the longer 
lines, the relay time on the majority of 
the circuit breakers at Wichita Plant and 
Midian were quite long. In addition, it 
was found impossible to find relay set- 
tings which would fit all system condi- 
tions. Instability troubles frequently de- 
veloped between Wichita and Midian be- 
cause of the long relaying times involved. 


Sometimes the opinion is expressed 
that zone type distance relays cannot be 
applied to a system on which they must 
be co-ordinated with induction overload 
relays. It is believed, however, that this 
fear has been exaggerated. No particular 
difficulty has been experienced in apply- 
ing distance relays to the system under 
consideration. The distance relays were 
put in service, one or two installations at 
a time, over a period of several years, 
with the old induction relays continuing 
in service on the remaining circuit break- 
ers. In fact the transition is still not com- 
plete since, as can be seen on Figure 3, six 
circuit breakers remain which have the 
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Table Ill. Standard Code for Marking Relay Table IV. Summary of Distance Relay Operations 
Targets Ground Relays Phase Relays 
ae Year Correct Questionable Wrong Correct Questionable 
tion Function or Type Symbol nae 
LOGS Meir era aatece « DF cre she oma abd OD pcolug stile One dee oes MIME nlstseontered Delas aes Sar goke : 
Ground. .Overload, time delay.. G AOS OY i cated sien s'/s QE orasets, oleh enetee OX. comes. ora'es Olsepetatenare tetas P CORD E AE PA eae sry sat 0 
Ground. . Overload, instantane- G 1940. scene es as Ob tar bishe aaa ORR Ae ia Mic Weta = re mane LS cee enon Oe eemesh reat ae 0 ; 
ous 1941 aks ee PSE Bi Solel ees ee 1.0: ee en ee MERRY Kies 0 | 
GA1,GB1,GCl_ —1942,.............. idles ane wots eed otro 2. saeco eee pA ee Te Bene Nene aie -.0 | 
(for ones 1043 item cea: 8%s Estes nar eet OR rater ores AS farsle ogee CRRA rion UR Pen aa ccs 2 | 
; é GA2, GB2, NOAA stains ss atone LO Se cate eames OF ASA yc BRA Ones atin ca Bernie nelorels Bie oMlete aaletnjePareig ates 
See ee SEEeH ene ogee is hi(tor sdoma) alk Pinig om eee Agere ty Abe Os ede ohed Pa Bh oe a AS rae Geel oor » i 
GA3, GB3, GC3 ; 
: (for zone 3) 378 2 11 73 0 2 
Phase... . Overload, time delay; A, B,C 
IA, IAC, CO, CR, 4 
IB, and so forth ; 
Phase....Overload, instantane- Al, Bl, Cl : roles? P a : 
oa were correct in every respect. The sum- to prevent tripping from loss of potential. 
Al, Sone (for mary of these operations is given in In order to keep the burden on the cur- 
Ws. et be ae a2, B2,C2(for Table IV. Several instances of the first rent transformers to a minimum, three 
aSE.... 7 A oa . ¢ 
Pheer, ¢ 3 (for 20€ overreaching the next substation de- such relays, mounted separately, should 
zone 3) veloped in the case of two installations, be used to supervise both the phase and 
put this condition was corrected easily ground relays rather than equip each 
by shortening the distance setting phase and ground relay with its own 
old relays. On most of these circuit slightly. The experience has been that fault detector. 


breakers, instantaneous overload attach- 
ments help greatly in effecting good co- 
ordination, mostly by reducing the second 
zone setting which otherwise would be 
necessary on some of the distance relays. 


Operating Results 


Operating experience with distance 
ground relays has been excellent. They 
are called upon to operate from three to 
five times more than are the phase relays, 
and they can be depended on to operate 
correctly when properly applied. 


if the relays are set to reach 85 per cent 
of the distance to the next station, there 
will be no trouble from overreaching. 
When set for 90 per cent, as is the usual 
practice for phase relays, the two in- 
stances mentioned occurred. 

This analysis may be summarized as 
follows: 


Questionable Operations: Ground 

1. Zone 2 fault tripped in zone 3 (or 
WaSISO:HeEPOrted) < ...Riae wa si.cloe eee 

2. Two ground relay targets reported 
for one “tripout’’ (GAl & GBI). 
Only one relay should operate be- 


Conclusion 


There is reason to believe that distance 
ground relaying deserves much wider ac- 
ceptance than it has received so far, since 
operating experience has demonstrated 
that distance ground relays give results 
which are in every way as satisfactory as 
those obtained with distance phase relays, 
the use of which is well established. 

It also is believed that if more engineers 
would study the possibilities of distance 
ground relays in combination with dis- 


cause of blocking units............. 1 
An example of the operating perform- __ tance phase relays and compare them 
ance of these relays is shown in Tables I Total 2 with the much more expensive and com- 


and II, which give a part of the relay op- 
erating record of the Ripley—Midian line 


Wrong Operations: Ground 
1. Overreached. Tripped in zone 1 for 


plex carrier pilot relaying, they would 
find that distance relaying would give 


and the 64th Street-Augusta line respec- fault vere’ next substation........ 3 adequate protection in many cases where 

tively. od ee cl ea Cayisedl Sie > otherwise more expensive relaying would 
For the purpose of assisting in the 3. Loss of potential (fuse blown)....... 6 Seem desirable. 

understanding of the relay operations in- er 

dicated in Tables I and II, Table III is in- Total 11 References 


cluded, which gives a partial list of the 
standard method of marking and report- 


Wrong Operations: Phase 
1. Failure to operate because of faulty 


1. FUNDAMENTAL BasIs FoR DISTANCE RELAYING, 


; ct adjustment................ W. A. Lewis, L. S, Tippet. AIEE Transactions, 
ing relay targets used by the Kansas Gas Contact adjustient xe volume 50, 1931, June section, pages 420-2. 
and Electric Company. Total 2 2 A New Distance Grounp Reray, S. L. Golds- 


An analysis of the distance ground re- 
lay operations from October 1938 through 
1945 discloses that there have been a total 
of 391 operations, of which 378 were cor- 

tect in every respect. During the same 
period, there were a total of 75 distance 
phase relay operations (counting only 
those breakers on which distance ground 
relays also were installed.) Of these, 73 
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Loss of potential was the cause of more 
false operations than any other one thing. 
It is expected that less trouble will be ex- 
perienced from this cause in the future 
since heavier potential transformer fuses 
now are used, which are not likely to fail 
from deterioration. Instantaneous over- 
current fault detector relays can be used 
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borough, R. M. Smith. AIEE Transactions, 
volume 55, 1936, June section, pages 697-703; 
discussion, November section, pages 1255-6. 


3. ContTrot or DiIsTANcCE RELAY POTENTIAL 
Connections, A, R. van C. Warrington. AIEE 
TRANSACTIONS, volume 53, 1934, January section, 
pages 206-13; discussion March section, pages 
465-6, and April section, page 617. 


4. DisTaANcE RELAY PROTECTION FOR SUBTRANS- 
MISSION LINES MaApgE Economrcat, L. J. Audlin, 
A. R. van C. Warrington. AIEE Transactions, 
volume 62, 1943, September section, pages 574-8; 
discussion pages 976-9. 
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Synopsis: Single-anode pumped-type mer- 
cury-arc-rectifier tubes have been estab- 
lished in the 300-, 600-, and 900-volt field 
in the past few years, and as a result they 
have become the most important type of 
equipment for large power conversion at 
these voltages. The ignitron was the 
major development which brought about 


the change from multianode to single anode 


tubes in this low voltage field.1 Recently 
sealed ignitrons have been developed for 
very high voltages and lower currents.? 
This paper describes high voltage pumped 
ignitrons which have been made available 
for power conversion in the 3,000- to 4,000- 
volt range. The major application for 
mercury arc rectifiers in this voltage range 
is for railroad service. 
quirements for railroad loading have been 
given special consideration in the design 
of the high voltage ignitron. Both rectifier 
and inverter characteristics were desired 
in one unit so that a maximum of flexibility 
could be obtained. The characteristics of 
combined rectifier and inverter operation 
are described. Accepted fundamental recti- 
fier and inverter relationships are pre- 
sented, and curves are included to aid in 
determining operating characteristics. The 
design and tests which led to the suc- 
cessful development of the high voltage 
pumped ignitron are discussed. Pumped 
ignitrons are compared with sealed igni- 
trons for high voltage applications so 
that the field of each can be better defined. 


HE DEVELOPMENT of the 3,000- 
volt ignitron rectifier was begun after 
the characteristics of single anode tube 
and multianode mercury arc rectifiers 
were compared, In low voltage applica- 
tions, the lower arc drop of single anode 
tube rectifiers results in an appreciable 
improvement in the efficiency and is the 
determining factor in the selection of the 
type of rectifier. In the high voltage 
field, the arc drop is a smaller percentage 
of the direct voltage, and the lower arc 
drop improves the efficiency only slightly. 
However, single anode tube rectifiers have 
a number of minor advantages that are 
important when considered together. 
The maintenance of single anode tube 
rectifiers is simplified because they con- 
sist of a number of similar tubes. This 
fact also makes it possible to operate at 
reduced capacity with some of the tubes 
removed. Since large numbers of tubes 
are required, mass production methods 
can be used in the manufacture. 


Jury 1946, VoLUME 65 


Therefore, the re- 
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Ignitron rectifiers have the following 
advantages over continuously excited 
mercury are rectifiers: ; 


1. Cathode spot excitation independent 
of load. 


2. Angle of retard unaffected by load cur- 
rent or water temperature. 


3. No moving parts in excitation circuit. » 


4. No cathode insulation required. 


Single anode tube rectifiers have the 
disadvantage that their excitation circuits 
are somewhat more complicated. How- 
ever, since the excitation circuits are al- 
most independent of the kw rating, it is 
found that this disadvantage is out- 
weighed by the advantages for the higher 
ratings. 


RATINGS 


Typical ratings required for rectifier 
units for railroad loading are 2,000 kw 
and 3,000 kw. These ratings were used as 
a basis for the design of the 3,000-volt 
ignitrons. 

Railroad loading usually requires very 
heavy overload ratings. Ignitron recti- 
fiers are especially suited for suddenly 
applied overloads, because they show no 
tendency to cause arc surges at any 
reasonable water temperature and be- 
cause their arc-back performance is less 
dependent on previous loading. 

The proposed AIEE heavy duty rat- 
ing,? which is used in the testing of high 
voltage rectifiers for railroad service, is 
the following: 


100 per cent rated load continuously 
150 per cent current for two hours, following 
100 per cent load 


300 per cent current for five minutes, follow- 
ing 100 per cent load 


With low voltage high current igni- 
trons, it is found that the inverter rating 
of a given design is lower than the rectifier 
rating. In high voltage rectifier opera- 
tion, the required design results in im- 
proved inverter performance. 


REGENERATION 


One of the important requirements for 
a railroad substation in mountainous 
country is regeneration. This require- 
ment can be accomplished by mercury 
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arc rectifiers in a number of different 
ways: 


1. A given unit may be operated first as 
a rectifier when power is required and then 
as an inverter when regeneration is required. 
A reversing switch to change the polarity 
of the power circuit and means for rapidly 


changing the ignition angles must be pro- 


vided. This scheme has the advantage 
that duplicate equipment is not required, 
but has the disadvantage that a time delay 
is necessary to change from rectification to 
inversion and that the reversing switch has 
considerable duty. 


2. Two or more units may be operated on 
the same bus, with one permanently con- 
nected with reversed polarity and excited 
as an inverter and the others being operated 
as rectifiers. This method provides a 
smooth changeover between rectification 
and inversion, but has the disadvantage 
that duplicate equipment is required. 


3. Where heavy overloads and heavy re- 
generative loads are expected, a combina- 
tion of the first two methods can be used. 
Both units can carry the overloads, and as 
the load drops, one unit can be switched 
over to inverter operation to carry normal 
regenerative loads. Ifa heavy regenerative 
load is required, both units can be changed 
to operate as inverters. This type of 
operation makes possible a smooth transi- 
tion between rectification and inversion. 


Figure 1 gives a typical rectifier and 
inverter circuit illustrating the second 
method, which is considered to be the 
most important. Load and regenerative 
voltage characteristics are shown in Fig- 
ure 4 for a system having identical trans- 
formers for rectifier and inverter units. 
These regulation lines give the direct 
voltages for various load currents and 
for different ignition angles @ of rectifier 
and g of inverter. The slope of these 
lines is determined mainly by the trans- 
former reactance, and the values at zero 
current are proportional to the cosines of 
the ignition angles. 


Circuit Characteristics 


GENERAL THEORY 


In normal operation the action of any 
type of rectifier is to allow energy flow 
in only one direction, because a reverse 
current cannot be conducted through the 
rectifier elements. However, the flow of 
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Figure 1. Delta 6-phase double-Y rectifier 
and inverter circuit for railroad substation 


energy in any circuit element can be re- 
versed by changing either the direction 
of current through the element or the 
polarity of the voltage across the element. 
In a converter in which the conducting 
period of the elements can be controlled, 
the polarity of the direct voltage can be 
reversed by making effective the oppo- 
site polarity of the alternating voltage. 
This action is the principle of operation of 
the inverter, which permits power to be 
transmitted from the d-c circuit to the 
a-c circuit. 

With railroad service, the need for re- 
generation is indicated by a rise in the 
direct voltage. The effect of this rise on 
rotating equipment would be to reverse 
the direction of current flow, but with 
the rectifier the elements support the 
additional voltage and there can be no 
reverse current. A second converter 
with a reversed connection may be con- 
trolled so that the ignitrons can conduct 
during periods in which the alternating 
voltages of their transformer windings 
are opposed to the flow of current. With 
this type of operation, energy can be 
transmitted from the a-c circuit to the 
d-c circuit by the rectifier and from the 
d-c circuit to the a-c circuit by the in- 
verter. 


RECTIFIER OPERATION 


In the simplified rectifier and inverter 
circuit shown in Figure 1, the rectifier 
operates as a normal delta 6-phase double- 
Y rectifier, since operation is not changed 
greatly by the addition of the inverter. 
Two separate transformers may be used 
as shown, or one transformer with a 
single primary may be used, The recti- 
fier output voltage and current wave 
forms are shown in Figure 2. 
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Figure 3. Operation 
of 6-phase double-Y 
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Figure 2. Operation of 6-phase double-Y rectifier 
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The average value of ‘the d-c output 


voltage of a rectifier at no load with 


: ignition delay is* 


Eac= theoretical average value — average 
are drop 
* Bac=Eag cos a — Eg _ 


(1) 


3 
_ where 


Eao= /3E, 2 sin = 
T p 


The average value of the d-c output 
voltage of a rectifier under load is 


Ey =theoretical average value — commutat- 
ing reactance drop — resistance loss 
drop — average are drop 


FEqg=Eao COs & — EE; - 19, ad Ea 


=/3E,? sin ~ cos a’ — Leo - 
T p 20 


(2) 


"or, using other quantities, 


ee! E fs acetate | _ 


2 
ee 


a (3) 


For a delta 6-phase double-Y circuit, 
w= sand I, = J,/2. Therefore, 


E steer 
E4=1.17E; cos a—0.23914X —— aig (4) 
d 


For a delta 6-phase star circuit and a 
delta 6-phase fork circuit, p = 6 and J, = 
i,. Therefore, 


P 
Ey=1.35 Es cos a — 0.955IgX-— 7, Ha 
ad 
(5) 


INVERTER OPERATION 


Figure 3 shows the operation plea: 
‘6-phase double-Y inverter. Each anode 
conducts during the negative portion of 
the corresponding alternating voltage 
wave, in order to provide a d-c counter 
‘voltage opposing the flow of current. 

The average value of the d-c counter 
voltage of an inverter at no load is 


i = Bigg GOs & og 
or 
= —[E'ao cos B’+ E’g] (6) 


where 


, 


, : 
Blag=V2 E's age 
Tv 


The average value of the d-c counter 


** Definitions of the symbols are given at the end 
of this paper. Unprimed symbols are used for 
‘rectifier quantities and primed symbols are used 
for inverter quantities. 
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Figure 5. Regulation curves of rectifier with 


eight per cent regulation, and inverter with six 


per cent regulation and higher secondary voltage 


voltage of an inverter under load is 
E',=E'a cos a! —E’,—E',—E’g 

=1/2 ze sin mes a 2X. 
Fi Hle (7) 
or, using other quantities, 


E,=E! cose cos a’—cos ema 
a= do SS Sarr Speed be 


2 
Pl f 
it ek 
=— |B E (ce Ae oe fy a E |+ 
P', 
n+Rt (8) 


For a delta 6-phase double-Y circuit, 


E'4= -[1a7 E', cos B’ + 0.239 I’gX",+ 


For a delta 6-phase star circuit and a 
delta 6-phase fork circuit, 


E',= -| 1.35 E’, cos 8’ +0.955I'gX"e+ 


JEU 
La 


+2, (10) 


COMBINED CHARACTERISTICS 


Under normal operating condition ofa 
rectifier and an inverter, as shown in 
Figure 1, the ignition angles must be 
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such as to have the rectifier average d-c © 
output voltage less than or equal to the 
inverter average d-c counter voltage, so 
as to prevent circulating currents. In 
the 6-phase double-Y circuit, there is a 
light load voltage rise in the rectifier and 
a light load voltage dip in the inverter. 
These changes occur when the load cur- 
rent becomes less than that required for 
magnetizing the interphase transformer, 
resulting in a transition to 6-phase con- 
duction periods. These light load volt- 
age changes can be eliminated by ad- 
justment of ignition angles so that a 
small current circulates between the 
rectifier and inverter when there is no 
load on the system. 

Figure 4 shows the combined char- 
acteristics of a rectifier and inverter for 
various ignition angles, with eight per 
cent regulation neglecting losses. 

The rectifier curves have dropping 
voltage characteristics and are to the 
right of the zero current axis, and the 
inverter curves have rising character- 
istics and are to the left. The inverter 
curves terminate at the theoretical load 
limit line, where the commutation angles 
are exactly equal to the advance angles. 
In actual operation it is necessary to 
operate below the theoretical load limit 
so as to provide margin angles greater 
than tube deionization requirements. 

When the transformer secondary volt- 
ages are the same for both rectifier and 
inverter, it is necessary to operate at high 
angles of delay in the rectifier to have 
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U, COMMUTATION ANGLE — DEGREES 


Figure 6. Commutation angles of a p-phase 
rectifier or inverter, neglecting losses 


=£: 
d 


E 
Per cent regulation = A] 100, Eg at rated 


la and a=0 
cos a— COs (@+u) _ regulation 
9 1-+regulation 


a=angle of retard, degrees 
B=angle of advance, degrees 


sufficient advance angles in the inverter 
to carry the required regenerative loads. 
For the inverter to carry 100% current, 
the theoretical minimum advance angle 
8B must be 32 degrees, shown along line 
AB. Actually less than 100 per cent 
current can be carried at this angle. The 
rectifier must operate at a minimum of 
32 degrees delay at B to avoid circulating 
currents. As load is increased, the volt- 
age may be kept constant by phase con- 
trol from B to C. 

Figure 5 shows a condition which is 
more practical. The rectifier is not re- 
quired to operate at high angles of 
delay, by having a higher transformer 
secondary voltage on the inverter. The 
direct voltage of the rectifier is held 
constant between B and C by phase 
control as the load increases. With fur- 
ther increase in current, the voltage 
will drop along the a = 0 line from C 
to D, 

Regenerative loads will be carried by 
the inverter with a d-c counter voltage 
given by the line AB, for 6 = 40 degrees. 
Any desired voltage characteristic can 
be obtained by automatically changing 
the firing of the inverter as the load 
changes, providing care is taken to oper- 
ate at a sufficient amount below the 
theoretical load limit line. 

A method of making reasonably accu- 
rate determinations of rectifier voltage, 
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ignition angles, and commutation angles 
under various load conditions is by use of 
imaginary inverter regulation lines super- 
imposed on the rectifier lines. These 
lines are shown dotted and of equal 
slope as the rectifier lines, but with rising 
characteristics. The advance angles 6 
of these lines are equal to the delay angles 
a of rectifier lines starting from the same 
point on the zero current axis. From 
the symmetry of the rectifier and inverter 
voltage wave forms (Figures 2 and 3), 
the imaginary 8 values correspond to a 
plus w values of the rectifier. 

The direct voltage of the rectifier at 
rated current and 20 degrees delay can be 
found by moving down on regulation line 
BE for a = 20 degrees from B to 100 per 
cent current at E, and reading 93 per 


| 


imaginary inverter line EF gives 6 = 38 


degrees by interpolation between the 30- — 
and 40-degree lines. The rectifier com- 
mutation angle u is equal to 38 minus 20, 
or 18 degrees. 

Inverter conditions can be determined 


in a similar manner by using the dotted — 


imaginary rectifier lines. For example, 
the inverter counter voltage for 150 per 
cent current at 40 degrees advance is 
given as 90 per cent at point G. The 
imaginary rectifier line GH gives a = 21 
degrees as the imaginary rectifier igni- 
tion angle; this value corresponds to 
the inverter margin angle y. The in- 
verter commutation angle u then is 6 
minus Y, or 40 minus 21 equals 19 de- 


grees. 


CHOICE OF CIRCUIT 


Most of the 3,000-volt mercury are 
rectifiers which have been applied up to 
the present time have used 6-phase star 
or fork transformer secondaries. The 
important reason for this use has been to 
avoid the light load voltage rise of the 
double-Y circuit. However, in stations 
in which there are both rectifiers and in- 
verters, the light load rise can be elimi- 
nated as described previously. For a 
given rated direct current and for equal 
direct voltage regulation, the 6-phase 
double-Y circuit has the following ad- 
vantages over the star or fork connec- 
tions: 


1. Peak anode currents are half. 


2. Rms anode currents are lower by ratio 


cent rated voltage opposite E. The of 1/2. 
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Figure 7. Power fac- 
tor of 6-phase recti- 
fier or inverter at 
rated current, neg- 


lecting exciting cur- 0 
rents and losses 
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3. Transformer kilovolt-amperes is lower. 


4. Final commutation rate of anode cur- 
rent is lower by the ratio of 2. 


5. Short circuit and are back currents are 


lower. ¥ 


6. Low transformer commutating re- 
actance is not required. 


J 
4 The 6-phase star or fork circuits have 


4 


the following advantages: 


1. Initial inverse voltage is lower by ratio 
of 2. 
2. There is no light load voltage rise. 

The circuits are the same in the follew- 
ing: 
Average anode currents are equal. 
Peak inverse voltages are equal. 


Commutation angles are equal. 


po oe ae 


Power factors are equal. 


Figure 6 shows the commutation angles 
of any type of rectifier circuit as a func- 


tion of the angle of retard and the d-c | 


regulation, neglecting losses. Figure 7 
shows the theoretical power factor of the 
6-phase double-Y, the star, and the fork 
circuits as a function of the angle of retard 
and voltage regulation. 


FAULTS 


The important type of electronic fault 
with rectifier operation is the arc-back, 
which is defined as the failure of the tube 


Figure 8. Single-grid high-voltage ignitron 
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to hold the negative anode to cathode 


voltage, with the result that a current 


flows in the reverse direction because of 


the formation of a cathode spot on the 
anode. An arc-back on one anode pro- 
duces a short circuit on both the d-c and 
a-c circuits and must be cleared by open- 
ing both the a-c and d-c breakers. With 
high voltage rectifiers, the tubes may be 
blocked by electronic arc suppression ‘to 


- prevent the flow of forward current in 


the unfaulted tubes. However, the d-c 
breaker must be opened to interrupt the 
flow of current from any equipment ca- 
pable of sustaining a direct current 
through the faulted tubes. 

If a rectifier is operating with voltage 
reduction by ignition delay, the positive 
anode to cathode voltage may cause 
breakdown of the tube before it is re- 
leased. This type of fault is known as a 
forward-fire. If only one such fault oc- 
curs, it is self-correcting without opening 
any circuit breakers, but if all tubes con- 
tinue to forward-fire, the output voltage 
will be increased and the unit may be 
overloaded. With ordinary water tem- 
peratures and the tight shielding used on 
high voltage rectifiers, faults of this type 
almost never occur. 

Another general class of faults is the 
misfire, which is the failure of a tube to 
begin conducting at the proper time. An 
occasional misfire in a rectifier will not 
cause any serious disturbance, but a series 
of misfires will result in the lowering of 
the average output voltage. 

In inverter circuits the voltages are 
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stich that an arc-back will not cause a | 


tube to continuously carry current in the 
reverse direction. An inverter tube may 
have an arc-back caused by the negative 
voltage on the anode at the end of the 
conduction period, but the voltage on the 
tube reverses and stops the flow of the 
fault current. An arc-back usually will 
lead to the arc-through, which is the 
more serious fault of the inverter. 

An arc-through is defined as the con- 
duction of power circuit. current in the 
forward direction through a tube during 
a scheduled nonconducting period of the 
cycle. An arc-through may be caused by 
one of the following: 


1. Forward-fire, the failure of a tube to — 


block the forward voltage on the anode. 
This tube fault may or may not produce a 
circuit fault. 


2. Misfire, the failure of a tube to begin 
conducting current at the start of the 
scheduled conducting period, thus produc- 
ing an arc-through on the preceding tube. 
It is a fault caused by either the excitation 
circuit or the tube and: always produces a 
circuit fault for at least one cycle. 


3. Recommutation, the failure of the load 
current to be commutated completely from 
one tube to another within the required 
angle, with the result that current is com- 
mutated back to the original tube. It is 
a fault caused by the power circuit. 


If a rectifier and an inverter are operat- 
ing on the same bus and an arc-back 
occurs on the rectifier, the inverter will 


Figure 9. Double-grid high-voltage ignitron 
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ay 


not feed current into the short circuit. 


- However, if an arc-through occurs on the 


inverter, the rectifier will supply a fault 
current to the inverter. The other tubes 


in the inverter, which do not have a fault, 


do not supply any current to the faulted 


- tube or tubes. 


If the units are identical, 
the peak arc-back currents are about 


- equal to the peak arc-through currents. 


Ignitron Design 


In the design of the 3,000-volt pumped 
ignitron, attention was given to obtaining 
a rectifier with a low arc-back rate and 
high overload capacity. The operating 


~ outlet water temperature was to be 55 


‘ 
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degrees centigrade. The same design 
was to be used for either the rectifier or 
the inverter, and the shielding of the 
anode was to be such that only ignitor 
control would be required for either type 
of operation. 

To accomplish the above objectives, 
two designs of ignitrons were made at 
about the same time. Both of these were 
manufactured and placed on test. The 
results were compared, and the best 
design was selected and given additional 
tests. 

The first design of ignitron used a 
single grid with a high ion attenuation 
and with a high deionization influence 
around the anode. A porcelain anode 
bushing with a soldered seal was used on 
this design. Figure 8 shows the cross 
section of this single grid design. 

The second design used two grids hay- 
ing a total deionizing effect about the 
same as that of the single grid in the first 
design. The grids were mounted sepa- 
tately and a circuit was connected to each 
through insulating bushings. The origi- 
nal design of the double grid ignitron 
had a porcelain bushing with a soldered 
seal, and the first tests were made with 
this type of bushing, but later an im- 
proved type of bushing was used. This 
new bushing and the final design of the 
double grid tube are shown in Figure 9. 


Tests 


SINGLE Grip DESIGN 


Power Circuit. The power 
used in the tests of the high voltage ig- 
nitrons is shown in Figure 10. The four 
d-c machines were used either as a load 
for rectifier tests or as a d-c supply for in- 
verter tests. This arrangement of motor- 
generator sets provided a continuous 
rating of 2,000 amperes at 3,000 volts. 
In order to change from rectifier testing 
to inverter testing, it was necessary to 
reverse the d-c power circuit and to re- 


circuit 


Figure 10. Circuit for laboratory tests of high 
voltage ignitrons 


verse the polarity of the holding coil in 
the high speed d-c breaker. 


Excitation Circutts. At the start of 
the high voltage tests, standard firing and 
grid circuits were used. The grid circuit 
soon was found to be unsatisfactory for 
the 3,000-volt ignitron, as there was diffi- 
culty in the pickup of the main anode. 
At normal operating temperatures, the 
firing of the ignitors and the pickup of 
the grids were satisfactory, but the main 
anode had frequent misfires and required 
high minimum load current for pickup. 
This difficulty was corrected by increas- 
ing the grid circuit current by a consider- 
able amount. 


Power Circuit Faults. In the origi- 
nal 3,000-volt rectifier tests, it was 
found that a high arec-back rate was ob- 
tained. The faults of the single grid 
design and the original double grid de- 
sign had about the same characteristics, 
and they appeared to be produced by 
the same causes. 

With rectifier operation the arc-backs 
seemed to be the result of entirely differ- 
ent causes than are experienced in low 
voltage mercury arc rectifiers. The are- 
backs were almost independent of load 
current and were found to occur even at 
no load. It was believed that this char- 
acteristic was caused by mercury con- 
densed on the cold anodes. This theory 
was eliminated, however, when it was 
possible to make several tests in which 
the rectifier operated without arc-backs 
for several hours and then had a series of 
arc-backs in a few minutes. Operation 
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vestigated with no ionization in the tubes 
It was found that a new tube just de- 
gassed would break down at slightly 
below its rated inverse voltage. How- 
ever, if the testing was continued with 
repeated breakdowns, the voltage held 
between the anode and cathode could be 
increased to many times the rated value. 

One of the first phenomenon which was 
investigated was the effect of mercury 
dew on the surface of an insulator. It 
was thought that enough mercury could 
be condensed to reduce substantially the 
value of the creepage distance on the in- 
sulator. A test setup was made in which 
a voltage stress could be placed on an 
insulator with a controllable temperature 
in mercury vapor at pressures correspond- 
ing to those in an ignitron. This test 
indicated that it took a large amount of 
mercury condensed on the surface of an 
insulator to reduce the creepage break- 
down voltage even a slight amount. 
These tests were definite enough to indi- 
cate that this phenomenon was not the 
cause of the breakdowns in the ignitrons. 

Another possibility that was investi- 
gated was the effect of mercury drops at 
the junction of the insulator and the 
It was believed that there 
might be a condition similar to that exist- 
ing between an ignitor and the mercury 
pool, which would make it possible to 
start the cathode spot of the are with 
potential gradients that appeared to be 
low. An investigation of the conditions 
at the junction of the anode stem and the 
insulator, and of models with similar 
arrangements, indicated that it was very 
probable that this junction was a source 
of the cathode spots which were produc- 
ing the are-backs. The junction was 
placed close to the anode:plate, and it 
appeared that there was enough capaci- 
tance between the mercury drops and 
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characteristics of the ignitrons were in- 


iS 


| 


a 


the anode plate to produce cathode spots 
at the junction. Another, but less likely, 
explanation was that high resistance ig- 
-nitor action took place at the junction, 
even though most of the insulator- did 
not have mercury on it. 

' Since condensed mercury was the cause 
of the arc-backs, bushing heaterswere used 
so that the junctions were held at a tem- 
“perature at which mercury would not 
condense. An interesting fact was ob- 
served that at higher loads, higher bush- 
ing temperatures were required to pre- 

vent the start of a series of arc-backs. 
Heavy overloads frequently were found to 
_ produce arc-backs which occurred 10 or 
15 minutes after the overload was com- 
pleted. These arc-backs also were cor- 
‘rected by operating with a sufficiently 
high bushing temperature. 
In the investigation of the propeble 
causes of arc-backs, a high voltage 
‘ignitron was built with several windows 
in the tube. The conditions in the tube 
during the various portions of the cycle 
were investigated by means of a strobo- 
scope. One observation was that large 
numbers of mercury drops were moving 
in the grid-cathode space at high speed. 
“It was believed that if one of these mer- 
cury drops hit the hot anode during the 
negative portion of the cycle, there would 
be a high probability for an arc-back. 
By using a special design of grids and 
baffles it was possible to shield the anode 
from the drops. However, it is still pos- 
sible that this factor may be one of the 
important causes of arc-backs in all mer- 
cury arc rectifiers. 


DouBLE Grib DESIGN 


Power Circuit. The power ‘circuit 
used in testing the double grid design 
was the same as that used for the single 
grid design and is shown in Figure 10. 
For some of the rectifier tests and for 
most of the inverter tests, the d-c induct- 
ance was increased so that there was less 
ripple in the direct current. 


Excitation Circuit. The use of a 
double grid tube greatly increased the 
number of types of excitation circuits 
which could be used. However, it was 
desirable to keep the excitation circuit as 
simple as possible. With the. double grid 
ignitrons, there was little trouble with 
pickup, either of the inside grid or the 
anode, because the ion attenuation of 
each grid was not, unusually high. For 
rectifier operation, it was found that the 
most desirable grid circuit was with sine 
wave excitation at a low voltage, and 
with angles of retard determined by the 


ignitors. 
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Figure 11. Oscillograms of anode-cathode 
voltages, showing arc-back in phase 4 


For inverter operation, the problem of 
excitation was found to be more difficult. 
For inverter operation with normal over- 
loads, the same low voltage grid circuit 
and ignitor control could be used as in 
rectifier operation. However, if unusually 
high overloads were required on the in- 
verter, it was necessary to use a grid cir- 
cuit in which the outer grid released the 
inner grid when the ignitor was fired. 


Rectifier Tests. The rectifier tests 
with double grids and porcelain-enclosed 
glass kovar sealed bushings were con- 
sidered very satisfactory. The new bush- 
ing was found not to be critical to the 
collection of mercury dew, as its permis- 
sible operating temperature was far above 
that at which mercury would condense in 
the tube. This condition made it pos- 
sible to eliminate completely the bushing 
problem, since a high temperature could 
be maintained by the use of anode and 
bushing heaters. 

The use of a double grid greatly in- 
creased the load current which could be 
carried with a permissible arc-back rate. 
By operating the grids at low voltage, 
forward-fires practically were  elimi- 
nated, even when operating at high angles 
of ignition delay. The rating obtained 
for the rectifier was higher than the re- 
quired rating. 


Inverter Tests. The double grid 
ignitrons operated as inverters with 
ignitor control, making it possible to 
have a simple excitation circuit. The 
limiting rating of the inverter was less 
than that of the rectifier. 

Most of the faults which occurred in 
the inverter were arc-throughs caused by 
forward-fires. The memnoscope oscillo- 
grams indicated that the loss of control 
usually occurred just after the anode be- 
came positive. Rarely, a recommutation 
fault was observed when there was a dis- 
turbance in the a-c line voltage caused by 
some other equipment on the shop bus. 
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Sealed Tgnitron Tubes 


The possibility of using ete jamteon 
tubes for the 3,000-volt class should be 
considered for some railroad applications. 
Sealed ignitrons have been developed for 
voltages up to about 7,000 volts d-c in 
single way circuits, and economical de- 
signs could be obtained for 3,000 volts. _ 

There should be no fundamental differ- 
ence in the performance of pumped and 
sealed ignitrons. Up to the limit of size 
for which experience has been obtained 
in sealed tube construction, any electrical 
design used in pumped tubes also can be 
used in sealed tubes with an equal rating. 

The decision as to whether pumped or 
sealed ignitrons should be used in a given 
application should be based on the rela- 
tion between the required continuous 
and overload ratings and the available 
tube ratings. Economic considerations 
may be the determining factor for some 
current capacities. 


Conclusions 


High voltage pumped ignitrons of an 
improved design have been built and 
tested for the requirements of 3,000- to 
4,000-volt railroad service. All of the 
circuit characteristics, which are available 
with grid controlled rectifiers and in- 
verters, are obtained by the use of ignitor 
control. Rectifiers and inverters can be 
used in one substation to provide the 
desired characteristics for either load or 
regeneration. . 

The high voltage ignitrons are designed 
for heavy, overloads of the type required 
for railroad service. A new design of 
porcelain-enclosed glass kovar sealed 
anode bushing, which has a temperature 
limit far above that obtained in normal 
operation, has been developed. 

The selection of either pumped or 
sealed construction for high voltage 
ignitrons must be based on the rating, 
economic factors, and special require- 
ments for each application. 


Nomenclature: Rectifier Symbols 


Qm=coefficient of sine term of Fourier 
expansion for the mth harmonic 
(crest value) 

bm =coefficient of cosine term of Fourier 
expansion for the mth harmonic 
(crest value) 

Cm= coefficient of resultant of Fourier ex- 
pansion for the mth harmonic (crest 
value) 

E,=average direct voltage drop caused by 
loss in the converter elements (aver- 
age arc drop) 

E,=average direct voltage under load 
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Eq,=average direct voltage, no load, with 
phase control and with arc drop 

Egg=theoretical direct voltage (average 
direct voltage at no load assuming no 
overlap, no phase control, and zero 
are drop) 

Ey, = initial inverse anode to cathode voltage 

Fy,=a-c system line-to-line voltage in rms 
volts 

Ey=a-c system line to neutral voltage in 
rms volts 

E,z= peak forward anode to cathode voltage 

Ey;= peak inverse anode to cathode voltage 

E,=average direct voltage drop.caused by 
resistance losses 

E,=transformer direct winding line to 
neutral voltage in rms volts 

E,=average direct voltage drop caused 
by commutating reactance 

AE=total average direct voltage drop 
because of regulation 

f=frequency of a-c power system 


x eh RWI 

F,= =2 2 - = t: 

oe /2 a 1+ Rp reactance 
factor 


I=a-c line current (crest value) 

J,=average anode current 

I,= direct current commutated between two 
rectifying elements in a commutating 
group 

Iqg=average d-c load current 

I,=transformer exciting current in rms 
amperes 

Iy= V. I?+J]7?+ti?=equivalent totalized 
harmonic component of J, 

[,=a-c line current in rms amperes 

I,=fundamental component of J; 

Iip=watt component of 

Jig=reactive component of I; 

In=harmonic component of J;, of the 
order m 
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I, =transformer a-c winding current in rms 
amperes 

I,=transformer d-c winding current in rms 
amperes 

La=inductance in the d-c reactor in henries 

m=order of harmonic 

p=number of phases in a simple rectifier 

P,=total copper resistance losses in watts 

q=total number of rectifier phases 

R,=per-unit direct voltage regulation based 
on full load voltage with no phase 
control 

R,,=per-unit direct voltage regulation 
caused by reactance based on full 
load voltage, with no phase control 
and assuming no losses 

R,=ohmic resistance of the a-c winding 

R;=ohmic resistance of the d-c winding 

u=commutation angle (angle of overlap) 

X,=commutating reactance line to neutral 
in ohms 

X;z,=ohms reactance of supply line (per line) 

X7,,=per-unit reactance of supply line (ex- 
pressed on basis of rated volt-amperes 
at the line terminals of the trans- 
former a-c winding) 

Xp=per-unit reactance of transformer 
(expressed on basis of rated volt- 
amperes at the line terminals of the 
a-c windings) 

a=angle of retard (delay angle, ignition 
angle; the angle by which the start 
of conduction lags the point where 
the incoming and outgoing rectifying 
elements have equal positive volt- 
ages) 

cos a=phase control ratio 

B=angle of advance (the angle by which 
the start of conduction leads the 
point at which the incoming and out- 
going rectifying elements have equal 
negative voltages) 
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¢ 

+ =margin angle (the angle by which the 
end of commutation leads the point 
where the incoming and outgoing 
rectifying elements have equal nega-- 
tive voltages) ; 

cos ¢=displacement component of power 
factor 

cos 6=distortion component of power factor 

«=conduction angle for one rectifying 
element 
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Synopsis: Incorporated in the modern 


_double-reduction motor and gear unit are 


many new design features which have made 
it an outstanding motor for the past five 
years. Oil lubrication is provided for all 
gearing and bearings in the oil-tight double- 
reduction gear unit. Special design ¢on- 
stants, which have been developed as a 
result of many years of experience with 
high-speed motors, are used. Self-ventila- 
tion is successful on a high-speed motor and 
simplifies locomotive design. Specially in- 
sulated field coils provide for good heat 
transfer from the coils to steel and air. A 
small motor with a high-speed armature re- 
sults in low copper loss and high efficiency 
at high tractive effort. A steep speed curve 
with a large amount of field shunting makes 
it possible to use-all motors connected per- 
manently in parallel. The motor is small, 
compact, and lightweight, which has made 


_ possible its use on a wide range of locomo- 
- tives. Here is a small motor doing a big 


job. 


A EARLY as 1931, some thought 
was being given to the use of light- 
weight high-speed motors on gas-electric 
rail cars. The idea was to adapt motors 
which were designed for gas-electric drive 
on busses, for use in rail transportation. 
The first rail applications used a motor 
mounted either on the truck or body of 
the car. The motors were not designed 
sufficiently rugged to withstand the 
shock of operation when axle-mounted. 


On these applications automotive-type 


double-reduction or worm gearing was 
used, with a propeller shaft and double 
universal joints connecting the gearing 
and the motor. In 1938 a similar scheme 
was tried on lightweight industrial 
Diesel-electric switching locomotives. 
The 23-ton and 43-ton locomotives were 
the first on which this type of drive was 
used. These locomotives were equipped 
with a high-speed motor and double- 
reduction gearing. 

The GE-733 is a lightweight double- 
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~ Modem Double-Reduction 
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especially for Diesel-electric switching 
locomotives. The first of these was de- 
signed and built in 1940, and since that 
time a large number of these motors have 
been built and are in service all over the 
world. This machine was designed to 
cover a wide range of applications and 
therefore was built with many new elec- 
trical and mechanical features which have 
made it capable of doing the job well for 
the past five years. Figure 1 shows the 
motor complete with double-reduction 
gear unit. 


More Tractive Effort 


The primary objective in traction 
motor design is pulling power or tractive 
effort. It is the constant aim of the de- 
signer to secure more continuous tractive 
effort per pound of motor weight in each 
new design. If this can be done, the re- 
sulting small motor can be used on small- 
diameter wheels and on narrow gauge 
locomotives. Such a motor can be 
adapted to a wide range of locomotive 
sizes, simplifying their design. For ex- 
ample, weight saved in the traction motor 
may be used in the Diesel engine to make 
a more powerful locomotive without in- 
creasing the weight. 

Figure 2 shows continuous tractive ef- 
fort per pound of motor weight for vari- 
ous motors. Column A shows single-re- 
duction motors which were being built in 
the period 1925 to 1930. Column B 
shows single-reduction motors which are 
being built today. Column C shows an 
early design of double-reduction motor 
which was built in 1936. Column D 


Figure 1. GE-733 

d-c traction motor 

with double-reduc- 
tion gear unit 
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nila the GE- 733 lightweight double- 


reduction motor as it now is being built 
_and used on a wide variety of locomotives. 
The continuous tractive effort per pound 


- of motor weight for the various motors 


shown on the chart in Figure 2 is based 
on the maximum reduction gearing which 
will give clearance under the gear case, as 
specified by the Interstate Commerce 
Commission, with the minimum wheels 


reduction axle-mounted motor designed for-which the motor is designed mS 


chart shows that steady progress has been 
made in the more efficient use of materials 
in both single-reduction and double- 


reduction motors. The continuous trac- 


tive effort per pound of the lightweight 
double-reduction motor is over 31/s times 
as much as that of the 20-year old single- 
reduction motors and 43 per cent greater 
than that of the earlier design of double- 
reduction motor. This more efficient use 
of material is accomplished by using a 
high-speed lightweight motor and high 
torque multiplication in the double- 
reduction gear unit. 

Figure 3 shows a graph of the continu- 
ous tractive effort and motor weight for 
the same groups of motors that are shown 


in Figure 2. For instance, the lightweight — 


double-reduction motor weighs only one- 
third as much as a comparable present- 
day single-reduction motor and has 70 
per cent as much continuous tractive ef- 
fort rating. To judge a motor by this 
chart, place a straightedge along the 
abscissa and rotate it counterclockwise 
toward the ordinate, using zero as the 
center of rotation. The better motors, so 
far as continuous tractive effort is con- 
cerned, are nearer the ordinate. 


How Much Horsepower? 


A motor cannot be judged solely by its 
continuous tractive effort. Considera- 
tion also must be given to locomotive 
speed. If it were not necessary to con- 
sider locomotive speed as well as con- 
tinuous tractive effort, triple-reduction or 
quadruple-reduction gearing could be 
used. This would give much higher 
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‘torque multiplication and therefore a 
corresponding increase in tractive ef- 
fort, since tractive effort is motor torque 
translated to the rim of the locomotive 
wheel. The data given in Figure 4 take 
into consideration locomotive speed as 
well as tractive effort. These factors have 
been combined to obtain a measure of 
horsepower. This has been done by the 
approximate formula 


continuous tractive effort x 
375 


maximum miles per hour 
3 


Horsepower = 


The reason for the “3” in the formula is 
that continuous tractive effort and maxi- 
mum speed never occur at the same time 
in a Diesel-electric locomotive. In gen- 
eral, the continuous tractive-effort rat- 
ing comes somewhere near one-third of 
the maximum speed. Any motor may be 
used with various capacity engines, but 
this formula makes possible a fair compar- 
ison between motors. The chart is shown 
in horsepower per thousand pounds of 
motor weight, and is shown for both 
single-reduction and double-reduction 
motors. The nomenclature of the col- 
umns in Figure 4 is the same as that used 
in Figure 2. As indicated by the height 
of the columns, much progress has been 
made in the past 20 years in the design of 
single-reduction motors. Also, the mod- 
ern double-reduction motor shows ap- 
proximately 20 per cent more horsepower 
per thousand pounds of motor weight 
than the earlier double-reduction motor, 
and 67 per cent as much as the modern 
single-reduction motor. This, together 
with the data shown in Figures 2 and 
3, indicates that there is a place for 
double-reduction motors in light-traction 
road service, as well as in industrial 
switching service, where maximum power 
and operating speeds are not too high. 
However, on the heavier high-speed road 
locomotives, the horsepower to be handled 
is so great that large-diameter armatures 
are necessary for commutation. These 
large diameters make it necessary to keep 
the revolutions per minute low on account 
of the centrifugal forces involved. With 
low revolutions per minute, there is no 
advantage in having double-reduction 
gearing, because all of the reduction 
needed can be built into one set of gearing. 


New Double-Reduction Gear Unit 


The specially designed 1-piece cast 
steel gear case which forms a part of the 
motor and gear unit is shown in Fig- 
ure 5. This is a view of the axle and 
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motor side and shows axle preparation, 
gear cover bolting flange, intermedi- 
ate gear shaft bearing opening, bolt circle 
for mounting the motor, and air outlets 
for the motor ventilating fan. The gear 
cover is a separate piece and is cast of 
malleable iron. It is bolted to the gear 
case along the bolting flange. Figure 6 
shows a photograph of the double-reduc- 
tion gear unit with gear cover and axle 
caps removed. This illustration shows 
the gear unit completely assembled 
with all gearing and bearings in place. 
All bearings and pinions are arranged so 
that they can be disassembled without 


removing the motor and gear unit from’ 


the locomotive. Also, the complete motor 
can be removed and still leave the gear 
unit mounted in the locomotive. Thus, 
by using a high-speed motor, the size of 
the motor has been reduced to such an 
extent that it has become a part of the 
gear unit rather than the gear unit being 
a part of the motor, as on conventional 


THOUSAND POUNDS 


CONTINUOUS TRACTIVE EFFORT — 


le} 2 4 6 8 10 
MOTOR WEIGHT — THOUSAND POUNDS 


Figure 3. Continuous tractive effort and motor 
weight 


Greer—Double-Reduction Traction Motor 


Figure 2 

Continuous tractive 

effort per pound of 
_ motor weight 


Figure 4 

Horsepower 

thousand pounds of 
motor weight 


Horsepower = 


continuous tractive 
effort 


3/5 
max mph 


(left). 


(right). 
per 


x 


3 


single-reduction machines. Figure 1 
shows the motor and gear unit nose sup- 
port which is located so that, for either 
direction of motion of the locomotive, 
there will be no tilting to throw the gear 
mesh out of alignment or place a twisting 
load on the axle bearings under the heavy 
tractive efforts encountered in service. 
Hardened spur gearing operating in an 
oil-tight gear case has a long life. Both 
the high-speed and low-speed pinions are 
straddle-mounted to maintain alignment. 
The flood-lubricating system in the gear 
unit uses oil of about the viscosity of 
SAE 60 for normal operating tempera- 
tures, and lighter oil for lower tempera- 
tures. This lubricates all bearings in 
the gear unit, the pinion end motor bear- 
ing, the sleeve axle bearings, and thrust 
surfaces, as well as all of the gearing. 


Mechanics of a High-Speed Motor 


The motor is self-ventilated, which 
eliminates motor blowers and thus sim- 
plifies the locomotive design. This is 
found-to be practical in a motor which 
is used with double-reduction gear- 
ing, since even in slow-speed switching 
service motor speeds are high enough 
to make the motor fan effective. The fan, 
which is mounted on the pinion end of 
the armature shaft, provides for multiple 
ventilation of the machine. One air path 
is over the commutator, through the 
space between the field: coils and over the 
armature surface; the other is under the 
commutator and through longitudinal 
ducts in the core and armature heads. 

A tight cylindrical smooth commutator 
is essential to the successful operation of 
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any high-speed d-c machine. This is ob- 
tained by using commutator design con- 
stants, which have been developed over a 
period of years of experience with high- 
speed motors. Commutators are seasoned 
after the armature is completely assem- 
bled. This seasoning consists of subject- 
‘ing the commutator to centrifugal forces 
and thermal stresses in excess of those 
which are encountered in service and 
tightening, and grinding the commutator 
until it operates smoothly, both hot and 
cold. 

The armature is designed to withstand 
the stresses of high-speed operation that 
go with double-reduction gearing. The 
coils are held in the core slots by wedges, 
and the end windings are held with bind- 
ing wire. The completed armature is 
dynamically balanced to close limits so 
that it operates smoothly at all speeds. 
It is also equipped with anti-friction 
bearings on both ends. The commutator 
end bearing housing is designed so that 
the armature can be removed without 
opening the bearing housing and exposing 
the bearing to dirt. This bearing also is 
arranged with all-metal labyrinth seals 
to keep grease in and to keep dirt out. 
The bearing on the pinion end of the 
motor armature is mounted outside of 
the motor pinion to form a straddle- 
mounting for the pinion. The bearing 
on this end is housed in the gear case 
and lubricated with the same oil as the 
gearing.. The commutator end bearing is 
grease-lubricated. 

The frame of the motor is bolted to the 
gear case so that the two become an 
integral unit and are mounted as such. 
Figure 1 shows a photograph of motor 
and gear unit. 


Electrical Features 


High-temperature insulating materials, 
such as asbestos cloth, asbestos paper, 
fiber-glass, and mica, are used in the 
modern double-reduction motor. With 
the aid of modern synthetic high-tem- 
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Figure 7. 
coils for modern double-reduction motor 


Figure 5 (above). 

Gear case for 

double-reduction 
gear unit 


Figure 6 (right). 
Double-reduction 
gear unit with gear 
case and axle caps 
removed 


perature varnishes, asbestos and mica, 
as well as fiber-glass and mica, have been 
combined to form tapes and wrappers. 
These materials have made it possible to 
use thinner insulation of a better quality 
and get a _ better-insulated machine. 
Thinner insulation leaves more space for 
copper and iron and at the same time im- 
proves the heat transfer coefficient 
through the insulation. Another advan- 
tage of these materials is their ability to 
stand high temperatures and at the same 
time have long life. High temperatures 
makeit possible to-get more tractive effort 
rating per pound of material. Inherent 
long life of insulating materials keeps 
maintenance costs low. 

Proper proportioning of copper and 


Exciting and commutating field 
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iron in the magnetic circuit has made it 
possible to reduce materially the size and 
weight of the field structure. The field 
coils have been reduced in size by the use 
of new insulating materials and methods. 
Both exciting and commutating coils are 
edgewise wound and formed to fit the 
poles. They are insulated between turns 
with asbestos paper. A sufficient number 
of turns on the armature and frame sides 
of the coils are taped with mica and 
fiber-glass to provide the required in- 
sulation. Figure 7 illustrates an excit- 
ing and a commutating field coil with 
this type of insulation. The commutating 
coil is shown before the asbestos insulation 
has been inserted between the turns and 
before the coil has been dipped in high- 
temperature insulating varnish. The 
exciting field coil is shown completely 
insulated and ready to be mounted on the 
pole piece. Mica insulating collars around 
the pole pieces: protect the field turns 
that are not taped. The coils are mounted 
on the poles and given a number of dips 
and bakes in high-temperature synthetic 
insulating varnish; thus the pole and 
coil become a complete unit and are as- 
sembled in the motor as such. With this 
type of coil, the heat transfer coefficients, 
both to air and iron, are much higher than 
for a conventional coil. After the poles 
and coils are assembled in the frame, the 
complete assembly is dipped in modern 
synthetic varnish and baked to fill com- 
pletely and insulate all connections and 
joints so that they are sealed and pro- 
tected from water, oil, and other foreign 
materials that may enter the motor. 
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and gives the Creomouire more 
ower. Figure 8 shows character- 


n tractive. effort and maximum 


ne? Aes, 
te _ permissible speed, together with the 


engine generator characteristics, makes a 
locomotive with a wide range of full” 
utilization of the available engine horse- 
power. — 


; fe Efficiency 


The power of a Diesel-electric locomo- 


tive is limited to that which the Diesel 
engine can deliver. For this reason, it is — 


necessary that the transmission efficiency 


be kept as high as is compatible with 


reasonable design. ‘This is especially 
true on switching locomotives where 
small engines are used and where heavy 


loads are handled at low speeds and high 


m 
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Figure 8. Characteristics of GE-733 motor on 
250 volts and maximum reduction 
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f the GE-733 motor on 250° 
—-volts and for two 1 field strengths. The © 
i: wide. change of flux in | the motor, between 


D 
a 


Z 


‘ene 
fora Fes 


5 a RG 
1/4 a Ue: 
AL Sesh] wl bape ee 
jE a ae 


20 Een 
° NORSEPOWER Loss 


_TRACTIVE 


2 


Figure 9. Comparative motor resistance loss 
curves of traction motors with single-reduction 
and double-reduction gearing 


if 


tractive efforts. Figure 9 shows compara- 
tive efficiencies of various motors based 
on motor resistance losses at 110 degrees 
centigrade copper temperature, with an 
assumed two volts for brush drop. Curve: 


_ Ais for the older type of single-reduction 


motors, such as were being built in the 
period 1925 to 1930. Curve B is for 
single-reduction motors as they are built 
today. Curve C is for the double-reduc- 
tion motor. All three of these curves are 
based on the maximum reduction which 
can be used and still maintain clearance 
under the gear case as specified by the 
Interstate Commerce Commission. A 
study of these curves clearly shows the 
advantage of the double-reduction motor 
for locomotives that are required to oper- 
ate at moderate or low speed and to pro- 
duce high tractive effort. At the starting 
point of the locomotive, all of the losses 
are in resistance. The difference between 
curve B and curve Cin Figure 9 shows the 
additional tractive effort that can be pro- 
duced with the modern double-reduction 


Greer—Double-Reduction Traction Motor 


Industrial Diesel-electric locomotives 


ari speed of } 


Table i lists the 1 


With ‘Maden "Double Reduction a | 


Motors 
Weight, No. of Max. Pea ons 
Tons Motors Speed Per Coat 


Saget tee. Pee: 2025 sees AL vay 

ga ee ere pL EEE yee, ae 11.7 

G5 Maas ee ee mictiies e S525 deems 11.5 
Railway Diesel-electric locomotives 

ES, Seen nes So aes waeree Baas state es 14.6 

Oi gcteeeeteets = Ae Ss rede e Shy ch euee 12.5 


: 
used per locomotive, the maximum per- : 
missible speed, and the continuous ad- — 


hesion rating of the locomotive. The 
largest number of these motors have been 
used on the 25-ton and 45-ton locomotives — 
for industrial service and the 44-ton loco- 
motive for railway service. A limited 
number of motors have been used on the © 
65-ton industrial and the 70-ton railway 
locomotives. In all of these applications, 
the double-reduction motors have given 
excellent service. 
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3 Determination 


ANDREW GEMANT 
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‘Synopsis: A method, using reduced-scale 
model installations, is developed for the 
laboratory determination of cable tempera- 
tures obtaining in the field. The theory of 
the method is given, followed by the de- 
_ scription of three sets of experiments con- 
_ ducted to show the feasibility of the method. 
_ One set of experiments is concerned with a 
_ single-conductor cable buried directly in the 
soil of the model setup, and temperatures 
3 obtained are compared with computed 
values. Another set is concerned with a 
° single-conductor cable in a model duct bank, 
_ and sheath and duct temperatures obtained 
’ tions in an actual field installation. The 
q third set is concerned with a model three- 
- conductor cable in a duct bank, and con- 
~ ductor-sheath temperature differentials are 
- compared with field data. All tests show 
that the accuracy of the method is sufficient 
for practical purposes. 


HE determination of cable tempera- 
tures, under both stationary and tran- 
sient conditions, is essential for the evalu- 
ation of maximum permissible loads. This 
statement follows from a consideration of 
the factors that limit the loads, that is, 
deterioration of the paper-oil insulation 
and undue stretching and longitudinal 
movement of the sheath. All these fac-, 
tors are considerably dependent on tem- 
perature, so that, indeed, temperature 
limits the loads. 
Determinations of cable (conductor and 
sheath) temperatures can be and some- 
times are carried out in the field. If, 


ie CURRENT ON al 
yy 


TEMPERATURE —C 


4 are compared with those of field determina- ~ 


iio ~ 
; 1 


. et Cable Temperatures 
by Means of Reduced-Scale Models 


JOSEPH STICHER 


MEMBER AIEE 


however, a wide variety of cable combina- 
tions and loading schedules is to be in- 
vestigated, field tests are time consuming 
and costly. . 

A second possibility of obtaining cable 
temperatures is by calculation. This 
method, however, is suitable only for very 
simple arrangements, such as a cable 


buried directly in the ground. For duct, 


systems of cables, a computation on a 
rigorous basis cannot be carried out. 

A third method of attacking the prob- 
lem is the use of electrical analogies. 
This method has been developed by 
Victor Paschkis! and applied successfully 
to a number of thermal problems. For 
several cables in duct banks, the necessary 
electrical equipment would be too in- 
volved, so that at present this method 
cannot be used for this purpose. 

The method to be described in this 
paper was developed for the purpose of 
providing a more satisfactory means than 
those just described. As will be seen from 
the following, the equipment even for in- 
volved cable problems is relatively simple 
and, once the installation is assembled, the 
time required to solve any specific cable 
temperature problem is relatively short. 


Theory 
Thermal problems in a system of cables 


belong, strictly speaking, to the group of 
3-dimensional problems, but, if the length 


b/09-1 


Figure 1. Tempera- 
tures of conductor and 


sheath of one single- 
conductor cable bur- 
ied directly in ground 
of model installations 


Eight-hour loading at 
120 amperes and sub- 


Toman ML) eee Tey, Fer; 
MINUTES “HOURS” 
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sequent cooling (x and 
o are measured data; 
solid curves are calcu- 


lated) 


Gemant, Sticher—Cable Temperatures 


of the cable is at least 10 to 20 times 
larger than the depth of the cable below 
ground level (a condition that is nearly 
always fulfilled), the heat flow along the 
length can be neglected as compared with 
the heat flow in radial directions. Thus, 
cable heat-flow problems can be consid- 
ered as 2-dimensional. 

By examining the equations of heat flow 
in 2-dimensional cases,?’? a dimensional 
analysis shows that there is a possibility 
of a scale reduction in such problems, and 
that the rules according to which this re- 
duction is to be carried out are rather 
simple. Thus, installations can be re- 
duced in size and yet give the same in- 
formation concerning temperature dis- 
tribution as the original large installa- 
tions. This, briefly, is the principle of the 
method developed and described in this 
paper. 

The following is a brief presentation of 
the dimensional analysis mentioned. One 
of the basic equations? in 2-dimensional 
heat problems is the temperature distri- 
bution around an instantaneous cylin- 
drical heat source in an infinite medium, 
the temperature of which becomes zero 


’ atinfinity. Let H, denote the instantane- 


ously generated heat per unit length of 
the cylinder with radius a, g the thermal 
resistivity, D the thermal diffusivity of 
the medium surrounding the source, T the 
temperature, ¢ the time, and 7 the radial 
distanc® from the axis of the cylinder. 
Then 


pated —s (=) 
igen tcl MELD fe 2D 
where Jo=Bessel function of the first 
kind and zero order. In this equation, the 
several variables occur in two combina- 
tions. One is (with /=any characteristic 
length of the installation) 


(1) 


[2 
ethno 2 
t= (2) 
the other 
de 
=. 3 
He (3) 


where H stands for the heat rate H,/t and 
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‘unit ae pee faci ae Both x: ie y 


are dimensionless, as is shown by the 


following. ere 
D stands for 1/gpc, with p=density and 
c= specific heat, and has the dimension 


t-1, Hence, x is dimensionless. Con- 


cerning equation 3, T as temperature is 


i 


* 


dimensionless, the dimension of H (heat 
per unit length per unit time) is mlt~* 
(m=dimension of mass), and that of g is 
m—1—1t8; consequently, y is dimensionless. 
As can be seen from equations 2 and 3, 
equation 1 has the form 


y=f(x) (4) 


_ where f stands for a function of the single 


argument x, containing no other pa- 
rameter. 

F By further examining equations of 2- 
dimensional heat flow, it will be found 


that all of them can be reduced to a di- 


mensionless form similar to equation 4. 
As a further example, a cylindrical space 
bounded by an inner cylinder of radius a, 
and an outer cylinder of a radius a’ is con- 
sidered. The inner cylinder generates 
heat in the amount of H per unit time per 
unit length; the outer cylinder is main- 
tained at zero temperature. The thermal 
constants of the medium between the two 
cylinders are g and D, as before. The 
temperature of the inner cylinder T atany 


time ¢ is then given® by 
p*Dt 
(a’)? 


— 


rE [ETL 


(5) 
where 
2 
eee (6) 
4+n-1 


and, approximately, 


p=2.40+(n—1)r (7) 


the infinite series to be extended from 
n=1 to infinity. 

It can be seen that equation 5 contains 
all variables in the form of x and ¥y, as 
before, and, in addition, z; where 


oa (8) 


Jand 1’ denoting two characteristic lengths 
of the installation. Hence, equation 5 


can be written in the general form 
y=f(x, 2) (9) 
f standing for a function of the arguments 
x and z only. 

From the existence of functional equa- 
tions such as 4 and 9, the conclusion is 


drawn that any two installations for 
which x, y, and zg are respectively the 
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is "de ry re i a 


a 


a cable ora mace iecteln Ste ca ee re 
duced in the same ratio. For instance, the 
ratio a/a’ in a concentrical cylindrical c case 
should be the same both in a scale model and 
an actual cable. 


2. If the heat-conducting substances are 
the same in the two corresponding installa- 


tions, that is, if D is the same for both, then 


equation 2 shows that the time ¢ required to 
attain the same temperature in both cases 
is reduced by a factor that is equal to the 
square of the reduction factor of linear di- 
mensions. This can be seen by writing 
t=/?/Dx and recalling that x is the same in 
the original and the model. This indicates 
the considerable gain in time that may be 
obtained by carrying out temperature meas- 
urements on a reduced-scale installation. It 
should be added that, while the method 
covers transient conditions, as shown, it is 
obviously applicable for the limiting case of 
t=, the steady-state condition. Equation 
5, for instance, is valid for the steady-state 
condition if the exponential is replaced by 
zero, thus making the second bracket unity. 


* Steady-state conditions are approached, 


according to equation 2, faster in the re- 
duced-scale installation than in the original. 


3. Equation 3 shows the following condi- 
tion. Since the same materials are used for 
both the actual installation and the model, 
gis the same. If, now, the reduced-scale 
system should yield the same temperatures 
T as does the original system, the condition 
that follows from equation 3 is that H, the 
heat dissipated per unit time and unit length, 
should be the same in both cases. Disregard- 
ing dielectric and sheath losses in obtaining 
a first approximation, H is given by 
1K (10) 
where J=current in a conductor and R= 
resistance of the conductor per unit length. 
Because of condition 1, the cross-sectional 
area is reduced by the square of the linear 
reduction factor, and R increases in the 
same ratio. Thus, in order that H be the 
same, the current has to be reduced by the 
same factor as the linear dimensions. 


If the reduction factor g be introduced 
and if quantities referring to the reduced- 
scale installation be designated by the 
index r, then condition 1 requires 


(11) 


(12) 


and condition 3 requires 


I 


I,=- 
q (13) 


The last equation is approximate; since 
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_ only by experiment, because in buildin 4 


The 1 
HI ine n. 
however, | imit 
tor 24-kv Sten 
mate range of fre 
found to be suitable. 
eo 


Test Résilts? 


The theory of scale reduction, as « 
lined above, does not need experim 
proof, as it is based on straightf 
mathematics. To what extent it ¢ 
put to use could, however, be deterr 


the model installation, some approxima- 
tion of the theoretical requirements could 
not be avoided. To mention a few ex- 
amples: the insulation of the model cable. 


could not be easily built of paper five times © 


thinner than real cable paper, that is, 1 to 
0.6 mil thick; the concrete in the du 
bank could not be easily built of pebbles 


| 
| 
1 


: 


. 


reduced five times the original size; and — 
the soil surrounding the duct bank could — 


not easily be maintained at exactly the 
same moisture content, and hence at th 


same insulation level, as the soil in the ; 


field. 


4 


Apart from these approximations, re-_ 


sulting from a compromise because of de- 


tails of construction, there is another di- — 


vergence between actual installations and 


the conditions required by the theory as © 
developed. The latter refers to heat — 


transfer by conduction. This condition 
generally is fulfilled in cable systems with 
the exception of the space between the 
cables and the ducts, in which part of the 


heat transfer takes place by radiation and — 


convection and for which the scale re- 
duction as developed is not valid. These 
local processes within the duct play a defi- 
nite and by no means negligible part in 
determining the temperature distribution. 
By means of approximate calculations, it 
is possible to assess their role in a semi- 
quantitative manner. 

In the following sections, three particu- 
lar tests, carried out for the purpose of 
checking the degree of accuracy obtain- 
able in practical use of the theory, are de- 
scribed and the results discussed. One of 
these tests concerns one single conductor 
cable buried directly into the ground of 
the model installation. In this case a 
comparison of test results is made with 
calculated results. Such calculations are 
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feasible in this simple case. The second 


test refers to a single-conductor cable i ina 
model duct system, and comparison is 


made with the results of an actual field 
test in a corresponding installation. - The 
third test refers to a model 3-conductor 
cable in a model duct system and com- 
parison is made with results of the same 


_ full scale field test as in the second test. 


é 
; 
7 


_. All these tests were carried out in a 


installation just referred to). A volume of 


wooden box 15 feet long, 5 feet wide, and 
4 feet high filled with soil (a yellow clay 
obtained from the location of the field 


soil equal to that of the space in the box to 


_ be filled was dug in the field and placed in 
_ the box by tamping. Only about five 


— 
q 


cubic feet were left over, so the density of 


~ the soil in the box had nearly the original 
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value obtaining in the ground. Moisture 


Ses 


peimins 2nd OVERLOAD one 
AMP) 


tata 


MINUTES 


determinations revealed that the soil con- 
tained originally 17.5 to 20 per cent water. 
Although a certain decrease of the mois- 
ture content with time could not be pre- 
vented, lining the box with tar paper, 
covering it with tarpaulin, and occasional 
watering of the top kept the drying out of 
the soil within reasonable limits. For fu- 
ture tests, it is considered advisable to 
install the model in a room in which the 
moisture content is artificially main- 
tained at arelatively high level, say 80 per 
cent. 

The thermal resistivity of the soil was 
measured by means of a cylindrical soil- 
resistivity cell4 in the field, and shortly 
before removal of the sample a value of 72 
thermal ohms was obtained. The diffusiv- 
ity D was obtained as follows. The den- 
sity p was 2.1 grams per cubic centimeter. 
The clay-to-water ratio was four to one 
and, since the thermal capacities of clay 
and water are 0.22 and 1.0 respectively, 
the thermal capacity of the soil is 0.37. 
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From D= 1/ gpc, a value of 4.2 x 1o=% 


‘square centimeters per second was ob- 


tained for the diffusivity. These values for 
gand D were used in the calculations. 


SINGLE CABLE BURIED IN GROUND 


This arrangement was selected because 
the temperature distribution. in and 
around one single conductor cable buried 
in the ground could be computed theoreti- 
cally. A comparison between experi- 
mental and computed data would indicate 
the accuracy and reliability of measure- 
ments obtained from-a small size model 
installation. 

The test cable used was a single-con- 
ductor, number 6 American Wire Gauge, 
paper-insulated cable having an insula- 
tion thickness of 9/64 inch, lead sheath 
thickness of 6/64 inch, and over-all diam- 


Figure 2. Tempera- 
tures of conductor and 
sheath of one single- 
conductor cable bur- 
ied directly in ground 


of model installation 
Rea a 


Overloads of 20, 40, 
and 60 amperes super- 
imposed upon steady 
current of 120 am- 
peres (x and o are 
measured data; solid 
curves are calculated) 


eter of 0.65 inch. The cable was installed 
ten inches below the ground surface in the 
box. The ratio of depth of burial to 
length of cable being 1 to 18, the error in- 
troduced by the end-effect, according to 
data of S. Whitehead,4 was between one 
and two per cent. 

The temperatures of both the conductor 
and the sheath were measured. The 
model method permits the copper tem- 
perature to be obtained by means of a 
thermocouple inside the conductor, since 
it is possible to pull a thermocouple into a 
narrow channel within the conductor. In 
this particular case, the central one of the 
seven conductor strands was pulled out 
before the test in order to accommodate a 
thermocouple; another thermocouple was 
soldered on the lead sheath to obtain 
sheath temperatures. The temperatures 
were continuously registered by means of 
arecording instrument. Thus, it is possi- 
ble to maintain uninterrupted registration 
of copper temperatures during the whole 
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load cycle. In contrast to this procedure, 
copper temperatures in field tests are ob- 
tainable only by resistance measurements, | 
necessitating a temporary interruption of 
the loading. 

A current transformer with the neces- 
sary control and measuring equipment 
was provided for the loading of the cable. 

With regard to calculation of tempera- 
ture in this case, equations recommended © 
by S. Whitehead* were used. By con- 
sidering the sheath as the source of heat 
flow, the basic equation 1 immediately 
gives the solution in the case of the buried 
cable. Since the ground surface is an iso- 
thermal plane, the field of an image sink 
above ground, added to the field of the 
real source, constitutes the solution of the 
problem. For values of a?/4Dt that are 
small as compared to unity, the solution 
for the sheath temperature 7’, becomes 


where g, is the thermal resistivity of the 
soil, Hi stands for the exponential inte- 
gral,® and b denotes the depth of the cable 
below ground, the other symbols being 
the same as in equation 1. 

The rise of the copper temperature 
above sheath temperature can be com- 
puted by considering both the thermal 
capacity C, and the thermal resistance G, 
of the cable per unit length as lumped ele- 
ments, in which case the solution is an 
exponential. This solution, although 
approximate, is sufficiently accurate for 
the purpose at hand. The copper tem- 
perature is then given* by 


2t 
Te=HG.| 1 en(-25) [+r 
ce. 


T; being known from equation 14. The 
factor 2 in the bracket is approximate: it 
accounts for the fact that the center of the 
cable is heated instantaneously, while the 
periphery is heated across the resistance 
G,; in the average, a resistance of G,/2 is 
operative. 

The numerical values used for the two 
constants G, and C, were evaluated from 
the geometry of the cable and the known 
characteristic data of each cable constitu- 
ent. G,is given by 


(15) 


rs 


Go=5" log log (16) 


‘¢ 

with g,=thermal resistivity of insulation, 
r,;=inside radius of sheath, and 7,= 
radius of conductor. For g,a value of 550 
thermal ohms was taken. With 7,=0.232 
inch and 7,=0.092 inch, the value 
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obtained for G, is 81 ohms or 811077. 


centimeter-gram-second units. 

The thermal capacity was computed by 
adding the values-for:copper, insulation, 
and lead. The specific heats are respec- 
tively: 0.4210’, 1.8X10’, and 0.147X 


10” centimeter-gram-second units, result- © 


ing in thermal capacities per unit length 
of 0.42107, 1.98X107, and 1.78X10’ 
centimeter-gram-second units, giving a 
total for C,=4.18X10’ centimeter-gram- 
second units. 

The steady-state temperatures are 
given by the well-known formulas: 


Le (17) 
a 

and 

T,=HG,+T, (18) 


Since the temperature of the conductor 
and, consequently, its resistance varies 
during a load cycle, in order to maintain 
a constant heat loss H, upon which the 
theoretical equations used for calculation 
are based, the current must be adjusted 
occasionally. This adjustment is possible 
when the copper temperature is registered 
continuously. The currents reported in 
the subsequent parts of this paper are the 
values applied at 20 degrees centigrade 
copper temperature and at which the con- 
ductor resistance was 15.4X10~* ohms 
per centimeter. 

The first test was carried out with a 
load of 120 amperes corresponding to H= 
6.8 watts per foot. Loading continued for 
about eight hours, after which the current 
was switched off. Both the heating and 
the cooling curves—temperature versus 
time—are shown on Figure 1 for the con- 
ductor as well as for the sheath. The time 
is plotted on a logarithmic scale. The 
crosses and circles indicate measured data; 
the solid lines were computed from equa- 
tions 14 and 15, using the numerical values 
given. 

The agreement between calculated and 
measured data is satisfactory, the dis- 
crepancies being generally one to two de- 
grees centigrade, except the copper tem- 
perature within five minutes after switch- 
ing off the current, where the divergence 
is up to four degrees centigrade. The 
amount of disagreement between compu- 
tation and test is partly caused by the 
fact that the equations, although theoreti- 
cal and without arbitrary constants, 
contain, asexplained above, some unavoid- 
able approximations. Part of the dis- 
agreement, however, is certainly caused 
by deficiencies of the equipment (end- 
effect, boundary layer between sheath and 
soil, drying of the soil, time lag in tem- 
perature recorder, and so forth), But 
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Figure 3. Details of assembly of model ducts 
in model trench 


since a disagreement of less than two de- 
grees centigrade is of no great practical 
significance, and since the cooling period 
is of relatively little interest to the prac- 
tical cable engineer, who is not greatly 
concerned with the precise rate of tem- 
perature decrease after the temperature 
has reached its maximum, the method is 
considered satisfactory. For higher ac- 
curacy some of these deficiencies might be 
eliminated: for instance, the use, instead 
of moist soil, of a suitable dry and stable 
powdered material having the same ther- 
mal resistivity is being considered. 

A second test (Figure 2) shows the tem- 
perature changes during and after short 
overloads. A current of 120 amperes was 
first maintained for about four hours (255 
minutes), after which three overload 
cycles of 60 minutes duration, with over- 
loads on for 15 minutes each, were applied. 
The total overload currents were respec- 
tively 140, 160, and 180 amperes (values 
reduced for 20 degrees centigrade copper 
temperature). The corresponding heats 
dissipated are 9.2, 12.0, and 15.2 watts per 
foot. The degree of agreement between 
test results and calculation is the same 
(deviation generally within two degrees 
centigrade) as in the first test. The agree- 
ment during the temperature maxima, 
which are of particular interest from a 
practical standpoint, is rather good. 
These findings are encouraging with re- 
gard to the practical application of a 
model installation (see conclusions at end 
of paper). 


SINGLE CONDUCTOR CABLE IN Duct BANK 


This test was carried out in order to 
show whether the model was satisfactory 
in a case involving ducts. Since computa- 
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Figure 4. Completed model duct bank prior 
to pouring of concrete 


tion for such a case is not possible, a set 
of field tests conducted by The Detroit 
Edison Company was duplicated in the 
model setup to determine the degree of 
agreement between the two. 

It is planned for all tests of this type in 
the future to use reduced scale replicas 
of those cables that are involved in the 
actual field installations in question. At 
the time of carrying out the test to be de- 
scribed in this section, such model cable 
was not available, and the same single 
conductor cable that was used in the pre- 
ceding test was installed in the model 
duct bank. In spite of this difference, 
sheath and duct temperatures, apart from 
the initial transients, in the model and 
the field should be the same. Because of 
the difference in the cable structures, 
however, copper temperatures in the 
field and in the model were not comparable 
in this particular test, and, as they are not 
essential in answering the specific ques- 
tion concerning the role of ducts in scale 
model tests, they are not given here. 

A fiber-conduit—concrete duct bank for 
12 4-inch ducts (3 wide by 4 high; 221/, 
by 281/. inches) was reproduced in a re- 
duced size model. The linear reduction 
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Figure 5. Diagram (not to scale) of model 
duct with number and location of thermo- 
couples 


factor g (see equation 11) was chosen as 
4.6. This figure was selected in order to 
enable number 8 American Wire Gauge 
stranded wire to be incorporated in the 
model 24-kv 350-Mcm round conductor 
cable in the subsequent tests. The con- 
ductor diameter of the 24-kv cable is 0.68 
inch, that of the number 8 wire 0.147 inch, 
the ratio of the two being 4.6. With q= 
4.6, the inside diameter of the model 
ducts was 7/8 inch, and the wall thick- 
ness was 1/16inch. Three-foot lengths of 
bakelite-impregnated linen tubing, joined 
by short’ pieces of 1-inch inside diameter 
tubing as sleeves, were used as the con- 
duit. The thermal resistivity of this 
material is comparable with that of fiber 
conduit as used in the field. Scale model 
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Figure 6. Temperatures of a test cable, ducts, 
and ground at three different indicated loads 
for both field and model installations 


concrete spacers between the ducts were 
used. A scale-model trench with a cross- 
sectional area of 4.9 X6.2 inches was dug in 
the soil contained in the wooden box men- 
tioned previously, and the duct bank was 
assembled in the trench. The manner in 
which the ducts were assembled is shown 
in Figure 3. 

Two bakelite plates attached to the end 
walls of the box fixed the position of the 
ends of the duct bank. Pebble-free con- 
crete containing sieved sand mixed with 
fly ash and having a two to one sand-to- 
cement ratio, was poured into the trench. 
The soil was tamped down on top of the 
duct bank, the top of the concrete being 
111/, inches below the top of the soil (corre- 
sponding to four feet four inches below 
ground level in the field), The completed 
assembly, prior to pouring the concrete 
and refilling the soil, is shown in Figure 4. 

The ends of the bank were protected 
from air currents by close-fitting wooden 
boxes attached to the outside of the main 
box. 

The arrangement of the cables and the 
location and number of thermocouples, as 
used in the field test and in the model, 
are shown in Figure 5. The length of the 
test cables was 17 feet. It should be 
noted that curve 2 (thermocouple 2) 
refers to the sheath of the test cable 
(thermocouple 1, as used in the field 


Gemant, Sticher—Cable Temperatures 


test was not reproduced in the model); 


curves 3 to 9 inclusive refer to the air — 


temperature in the center of the various 
ducts; and curves 10 to 12 inclusive refer 


to the soil. : 
The results of the test are shown in- 


Figure 6. The crosses and the curves 
drawn through them show the tempera- 


tures, in degrees centigrade, indicated by 


the 11 thermocouples used in the field 
tests; the circles show the data obtained 
with the model. The 40-day field test 
took 45 hours in the model setup (the 
time reduction factor from equation 12 is 
4.62=21.2). 

Since it was realized that the ducts in 
this particular test were wet, some water 
was introduced in the duct containing the 
test cable in the model. A total of 200 
cubic centimeters was introduced in order 
to insure a conducting path between cable 
and duct wall. This point is discussed in 
detail later. 

Three different consecutive loads were 


applied. According to the requirements 


of the model theory, the heat input per 
unit length of cable has to be the same in 
the model as in the field. The three 
loads applied were 4.5, 11.8, and 18.9 watts 
per foot, respectively. 

In studying Figure 6, it can be seen 
from curve 12 that no attempt was made 
to duplicate in the model setup the am- 
bient temperatures recorded in the field; 
hence, the same disagreement prevails 
also for curve 11. The agreement for the 
sheath, the various ducts, and the soil just 
outside of the bank (shown by curve 10) 
is reasonably good, with a deviation of 
no more than about three degrees centi- 
grade. 


Additional Tests on Single- 
Conductor Cable in Duct Bank 


While the results shown in Figure 6 
answer the chief question, namely, 
whether the model method works in the 
case of ducts, it was deemed advisable to 
supplement the results by a few additional 
tests. As mentioned previously, one of 
the main causes of doubt with regard to 
the feasibility of the model test in the case 
of ducts is that heat is transferred not 
only by conduction, but also partly by 
radiation and convection. The scale re- 
duction theory, however, took into con- 
sideration conduction only. If, now, the 
two other mechanisms play only a minor 
role in ducts, the error in the model test 
is relatively small. While the satisfac- 
tory answer of the main test (Figure 6) 
answers this question in a favorable sense, 
it was thought advisable to strengthen the 
confidence in the model method by addi- 
tional tests directed toward showing spe- 
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éifically whether the errors introduced by 
radiation and convection in a duct are 


appreciable or not. 


RADIATION 


It is useful in this connection to con- 
sider the Christiansen equation, which 
controls radiation from a convex body in 
an enclosure® and which, applied to the 
present problem, reads approximately: 


(Ts4— Ta!) 
(ci (19) 
€s €g 


where H,=heat radiated per second, ¢= 
Stefan-Boltzmann constant = 5.7 X 107° 
absolute units, a=radius of sheath, T, and 
Tg=sheath and duct temperatures, in 
absolute units, and €,and €g=emissivities 
of sheath and duct. The emissivities of a 
tarnished lead surface and a fiber surface 
are 0.56 and 0.93, respectively. _ 

In order to assess experimentally the 
role of radiation in the model setup, the 
following procedure was adopted. From 
equation 19 it can be seen that e, has a 
marked influence on the radiation. Thus 
by varying the emissivity of the cable sur- 
face, all other conditions being left un- 
changed, it is possible to determine the 
magnitude of the role of the radiation in a 
duct. The variation of e, was carried out 
by coating the cable with flat black, thus 
producing a surface with an emissivity of 
0.97. The factor 


H,=2nca 


1 


eat 
Es €q 

is then changed from 0.54 to 0.90, that is, 
increased by 66 per cent. 

The test described in the preceding sec- 
tion, ‘‘Single Conductor Cable in Duct 
Bank,” was repeated with the black 
sheath, and in this manner sheath tem- 
peratures, for the same watts input, were 
obtained with the cable coated black as 
were obtained with the cable in its original 
condition. Results, obtained at identical 
loads and times for the two surface condi- 
tions, are shown in Table I. The duct 
was dry in these tests; hence the tem- 
peratures are higher than shown in Figure 
6. It can be seen that, considering the 
differences in the respective starting tem- 
peratures, the increases in temperature 
are practically identical for the two differ- 
ent surfaces. 

The results show that a substantial 
change in the radiation does not cause a 
measurable change of the sheath tem- 
peratures in the model setup. This con- 
clusion, while reassuring from our particu- 
lar standpoint, does not, however, prove 
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that there is equally little change be- 
tween sheath temperatures in the field 
and the model, in case the radiation re- 
sistance in the two is not the same. An 
estimate, based on equation 19, will pro- 
vide this missing information for the 
steady-state condition. 

Since equation 19 contains the radius a, 
the radiation resistance of the duct space 
in the model is 4.6 times that in the field, 
while the thermal resistance remains un- 
changed in a scale-reduced model. If the 
total heat flow is the same in both cases, 
the sheath temperature in the model, be- 
cause of the higher radiation resistance, 
will be somewhat higher than in the field. 
It can be shown, however, that a very 
little increase, of the order of one to two 
degrees centigrade, is sufficient to satisfy 
the equations of heat flow in the two cases. 

All data in equation 19, with the excep- 
tion of Tz, are known. The latter was 
determined, at least approximately, by 
introducing a thermocouple into the duct 
containing the test cable and taking duct 
air temperatures. For a load of 11.8 
watts per foot, 77=35 degrees centigrade 
(or 308 degrees Kelvin) was obtained, and 
it is probably correct to say that the same 
(or nearly the same) duct temperature 
exists in the field, too. With a cable diam- 
eter of three inches and T,=43 degrees 
centigrade = 316 degrees Kelvin, equation 
19 yields for H, in the field 2.2 watts per 
foot, which is about 20 per cent of the 
total heat. Neglecting convection (see the 
following), the balance of heat, namely 
9.6 watts per foot is transferred by con- 
duction. 

The general equation for equilibrium 
conditions of temperature and heat flow 
in the duct is 


H=A(T,—Tg)+B(T,'—Ta') (20) 


where A and B are the conductances 
caused by heat conduction and radiation 
(the latter given by equation 19), and in 
the present case (for the field) : 


11.8=1.2 (T,—308) +2.2 10-9 
(T;4*—9X 10°) 


and this equation is satisfied with T,= 
316 degrees Kelvin=43 degrees centi- 
grade. Inthe model, A remains the same, 
but B is reduced by a factor of 1/4.6. 
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Hence, for the model: 
11.8=1.2(T;—308) +0.48X10-°X 


and it can be shown ‘hie ae lr" 
317.3 degrees Kelvin=44. 3 degrees 
grade satisfies this equation. This 
is only 1.3 degrees centigrade higher 
that in the field, and this difference is 
within the reported deviation of 3 degre 
centigrade. This conclusion is valid 1 ¢ 
wet ducts, which constitute the majority 1 
of existing ducts. For dry ducts the error 
caused by radiation is certainly larger. 


CONVECTION 


A certain amount of heat is transferred 
across the duct space by means of free 
convection. There are empirical equa-_ 
tions,!’® that permit approximate com-— 
putations. H,, the heat transferred per 
unit length by convection from a pipe to 
air, is given by ; 


=ka‘/,(Ts— Ta)" (21) 


where k=a constant depending on the 
ratio of cable radius to duct radius; for 
the present case, k=2.7X10* absolute 
units. 

In order to check the influence of con- 
vection on the sheath temperature, the 
free convection normally active around 
the sheath was increased by forced con- 
vection. This was obtained by forcing 
nitrogen longitudinally through the duct. 
If V denotes the rate of flow of the nitro- 
gen, py its density, cy its specific heat, 
and AT the temperature differential along 
the duct, then the heat removed per unit 
time from the sheath by way of forced 
convection, Hy, is given by 


Hye = VencyAT (22) 


V and AT were measured, and Hy, calcu- 
lated from equation 22. The rate of flow, 
V, was adjusted so that H;, equalled 
approximately twice the value of H, 
(known from equation 21) times the 
length of the duct. The sheath tempera- 
tures measured before, during, and after 
applying the forced flow gave an indica- 
tion of the influence of convection on the 
temperature distribution. 

Table II shows the data obtained on 
two loads: 11.8 and 18.9 watts per foot, 
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Sheath Temperatures, T;, for Different Conditions of Convection | 


Table Il. 


i 
Load = 11.8 Watts Per Foot Load = 18.9 Watts Per Foot 


Forced Convection Forced Convection 


Free Convection © Superimposed, Free Convection Superimposed, 

Alone, 5 Watts — 8.5 Watts Alone, 8.5 Watts 19 Watts. 
Before forced convection......... ON excroreh herent an sists i aie, Sreweeaisyo Oe paera SA ace cictevedaye atone — 
eine forced convection........ a iat haiet averovetateterete= SOPOARR eee ok. aera Si Sis oho fo alin RBI ee 83 


After forced convection.......... GO er deuow ets == bj Suet teusrauale o Metterae BS xccdal tomubraysreuthoeac us — 
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Bi, the duct dry. T, for the two loads is 
59 and 84 degrees centigrade; Ty is 37 
and 51 degrees centigrade respectively. 

4 It can be seen that the influence of a 
forced convection, amounting in terms of 
heat loss to about double that for free 
convection, is practically negligible. As 
before, in the case of radiation, this result 
tefers to the model only and does not give 
_ specific information as to a divergence be- 
tween field and model data caused by a 
‘possible difference in convection. This 


WATER IN Ducts 

As a last additional test, the ques- 
tion of the amount of water that is re- 
quired to make a wet duct out of a dry 
duct was investigated. In comparing 


(dry duct) with those shown for the model 
test in curve 2 of Figure 6 (wet duct), it 
can be seen that a dry duct results in 
sheath temperatures higher than those in 
a wet duct. It was important to find out 
how much water should be introduced in 


sheath temperatures shown in Table I 


LEGEND: o AND CURVE= MODEL DATA 
x FIELD DATA 


SHEATH-AMBIENT 
DIFFERENTIAL 


TEMPERATURE — C 


CONDUCTOR-SHEATH 


Figure 7. Tempera- 
ture differentials be- 
tween sheath and 
ambient, and con- 
ductor and sheath 
for a  3-conductor 
model cable 


Installation and load 

schedule is the same 

as indicated in Fig- 

ures 5 and 6, Field 

data for the conduc- 

tor are equilibrium 
values 


DIFFERENTIAL 


TIME —HOURS IN MODEL TEST 


difference, however, can be estimated from 
equation 21. 
Considering the medium load, 11.8 
_ watts per foot, the value of H,, the heat 
dissipated by way of convection, for the 
field and the model respectively, is 0.3 and 
0.1 watt per foot, that is three and one per 
cent of the total. In contradistinction to 
radiation, which amounts to appreciable 
percentages of the total heat dissipated— 
without, however, affecting correct du- 
plication of the field test by the model— 
convection amounts to only a small per- 
centage of the total heat dissipated. The 
effect of this small amount, being re- 
duced in a ratio of one. to three in the 
model as compared with the field, has 
certainly no influence upon the duplica- 
tion of the sheath temperatures. 
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the model duct in order to approximate 
field conditions. From physical consider- 
ations it appeared that a certain minimum 
amount is required in order to establish a 
conducting path of water between the 
cable and the bottom of the duct wall and 
that further additions of water should 
have little effect. Table III gives the re- 
sults of a test, referring to a load of 18.9 
watts per foot, in which increasing 
amounts of water were added to the duct 
containing the test cable. It can be seen 
that for the model, small amounts of 
water (ten cubic centimeters) were suffi- 
cient to bring the temperature of the 
sheath from 83 degrees centigrade down 
to 65 degrees centigrade. It appears that 
ten cubic centimeters is sufficient to cause 
an appreciable drop in temperatures and 
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that 50 cubic centimeters is sufficient to 
insure the formation of a complete con- 
ducting path along the length of the model 
duct and to bring the temperature level 
down to 60 degrees centigrade, which was 
the level as measured in the main test and 
also in the field. Further additions of 
water change the temperature only 
slightly. The equivalent amount of water 
present in a wet duct in the field is then at 
least 10X21.2/15=14 cubic centimeters 
per foot. 


Mopet 3-ConbuUCTOR CABLE 
IN Duct BANK 


The tests described in the two preced- 
ing sections were carried out with a single- 
conductor cable, and accordingly con- 
ductor temperatures were not comparable 
with those in the field because the field 
tests involved 3-conductor cables. In 


- order to fill this last gap in the research, 


it was necessary to have a model of the 3- 
conductor 350,000-circular-mil cable used 
in the field. Through the courtesy of 
Doctor R. J. Wiseman, the Okonite Cal- 
lender Cable Company manufactured such 
a cable according to developed specifica- 
tions. 

The cable was constructed according to 
the following design. The conductor was 
number 8 American Wire Gauge wire 
having an over-all diameter of 0.147 inch, 
which is, as pointed out previously, 4.6 
times less than the conductor of the high- 
voltage cable. One of the three conduc- 
tors was a copper tube of an outside 
diameter of 0.156 inch and a wall thick- 
ness of 0.032 inch; the cross-sectional 
area of the tube was nearly identical 
with that of the stranded wire. The pur- 
pose of the tube was to accommodate 
the thermocouple for conductor tem- 
perature measurements. The insulation 


Table Ill. Sheath Temperatures, Degrees 
Centigrade, for Increasing Amounts of Water 
in Duct 


Load =18.9 Watts Per Foot 


Amount of Water, 
Cubic Centimeters, 


in 15-Foot Sheath Temperature, 
Duct Containing Degrees Centigrade, 
Test Cable of Test Cable 
0: : . 83 
10.. . 65.5 
20: 5 aye 1G) 
30... Sohit 
40.. 5 160.10 
50.. A DLeY 
60.. . .60 
70..: aL 
80.. . 62 
100.. - 60.5 
120.. .59 
140... 58 
200.. 59.5 
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thickness was 0.31/4.6=0.068 in. The 
outermost layer was metallized paper. In 
order to compensate for the larger outside 
diameter of the tube, one layer of paper 
was omitted from its insulation. Fillers 
of suitable size and a binder tape made of 
4-mil copper were used. (A copper tape 
of reduced thickness, say, 2-mil, is more 
advisable.) The lead sheath was 2/64 
inch thick, and the over-all diameter ob- 
tained was 0.69 inch, which is close to the 
theoretically correct 0.68 inch, that is, 
3.1/4.6. 

The single-conductor cable used as test 
cable in the last test described (Figure 6) 
was then replaced by this model cable, 
and the same load cycle schedule applied, 
except that for the sake of simplification 
the duration of the cycles was not more 
than about two hours each. This was 
sufficient in this case, since the main inter- 
est of this test centered around the sheath- 
conductor temperature differential, and 
this reached its final value in about that 
time. 

The results of this test are reproduced 
in Figure 7. Both sheath-to-ambient 
and conductor-to-sheath differentials are 
shown. The corresponding field data for 
the conductor refer to equilibrium values 
as obtained at the end of each load period. 

While the sheath temperatures are in 
rather good agreement with those in the 
field, the discrepancy for the conductor- 
sheath differential is somewhat larger, up 
to three degrees centigrade. This differ- 
ence is partlyinherent, inasmuch as the in- 
sulation structure, and therefore the ther- 
mal resistivity, for areal and a model cable 
cannot be made strictly identical. Part of 
the difference, however, is caused by un- 
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certainties and difficulties in the measure- 
ment of copper temperatures in the field 
(obtained from the electrical resistance of 
the conductor). A deviation of up to 
three degrees centigrade, nevertheless, is 
not objectionable from a practical stand- 
point. 

In closing, a few remarks concerning 
end-effect are in order. Since these tests 
were carried out with the idea of later 
developing the method into a practical 
one, it was tried to keep it as simple as 
feasible; no attempt was made, therefore, 
to compensate for a possible end-effect. 
In order to ascertain whether or not an 
appreciable error is introduced on this 
account, the last test with the model cable 
was used also for the measurement of the 
magnitude of this effect. A thermocouple 
was inserted into the tube, about six 
inches inside the end walls of the box. 
At the end of the first load period, the end 
was cooler by one degree centigrade than 
the center; at the end of the second load, 
the end was warmer by two degrees centi- 
grade than the center; and at the end of 
the third load, this difference increased to 
six degrees centigrade. 

An approximate calculation shows that 
these differentials are not likely to lead to 
an appreciable error. From the dimen- 
sions of the cable and the thermal resistiv- 
ity of copper, the thermal conductance of 
the three conductors from both ends to 
the center is found to be 0.0013 watt per 
degree centigrade. For the worst case 
(the third load) the heat that flows to- 
ward the center is only 0.008 watt. Even 
with the conservative estimate that this 
heat is dissipated along a length of, say, 
only one inch, for which the load is 1.6 
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and thus is negligible. 


Conclusions 


The present research shows that a re- 
duced scale model installation can be used 
successfully for determining cable tem- 
peratures and hence maximum permissible © 
loads, both normal and overload. Such 
an installation is meant to be used as a 
laboratory tool, just as any other measur- 
ing device. Its chief use probably will be 
found in cases of several cables in a duct 
bank, each cable having a different pre- 
scribed load schedule. By reproducing 
any desired cable and load combination in 
the. model, a reliable answer to any spe- 
cific problem can be obtained in a rela- 
tively short time. 
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N excellent way to describe a servo- 
mechanism is to picture it as a de- 
vice which acts with power on the differ- 
ence, or error, between a desired quantity 
and an actual quantity. It actsinsucha 


* way as, 


' 1. To make the error approximate zero in 


the steady state. 


2. To limit peak errors and the error-time 
integral when the output quantity is follow- 
ing a typical random input quantity. 


3. To recover from sudden disturbances 
with adequate speed of response and degree 
of stability. 


A block diagram of a group of compo- 
nents is illustrated in Figure 1 in which the 
foregoing interpretation is very powerful. 
Much has been written on the analysis 
and synthesis of such systems. Several 
recently published or released works have 
described powerful analytical tools used 
in the design of linear servomechanisms of 
this type:i—*:7-5 

This paper deals in particular with a 
class of servomechanisms which has not 
received adequate treatment thus far. 
Many servomechanisms, as in Figure 2, 
can be described accurately only when a 
component is included in the feed-back 
path. At times this is desired, and com- 
pensating devices are used to aid the per- 
formance of the servomechanism. At 
other times, undesirable characteristics of 
the measuring instruments introduce de- 
lay in the transmission of signals back to a 
point where they are to be compared with 
the desired quantity. The signals then 
used to excite the control amplifier are no 
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Parallel Circuits in Servomechanisms 
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yA ASSOCIATE AIEE 


longer the error between desired and ac- 
tual quantities. 

In cases where there is a modification 
of the controlled quantity previous to 
comparison with the desired quantity, no 
place exists in the circuit where the actual 
error can be measured. This is most 
likely to be true when the servomecha- 
nism is not in steady-state operation. The 
ratio of output to error as a function of 
frequency when the input is varying 
sinusoidally is, in these cases, not a simple 
function of any one of the components or 
any of the components in cascade. This 
will be developed mathematically as a 
part of the linear treatment of servo- 
mechanisms of the type represented in 
Figure 2. 


General Analytical Techniques 


A mathematical treatment of a dynamic 
system as complicated as a servomecha- 
nism is difficult on the basis of classical 
mathematics. The differential operator 
p is used here to represent an operator 
which will be replaced by jw when the 
steady-state sinusoidal characteristics of 
the system are to be considered, or by 
d/dt when the differential equations are to 
be considered. 

The general analytical techniques de- 
scribed here are, basically, simple exten- 
sions of previous work.!? In electric 
network theory, the consideration of all 
circuits on the basis of impedance charac- 
teristics to the exclusion of admittance 
characteristics would be foolish. Simi- 
larly in a study of servomechanisms it is 


b/ey-a 
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DIRECT PATH 

COMPONENTS 
FEED-BACK 

COMPONENTS 


le-KpGplp)= 32 a 


Figure 2. Block diagram of.a servomechanism 

where the components in the direct circuit are 

paralleled by components in a feed-back 
circuit 


often desirable to work with component 
or system functions which are ratios of in- 
put to output instead of their reciprocals. 

Components of servomechanisms (such 
as amplifiers, thermocouples, tachometers, 
and motors) can be considered as analo- 
gous to a four terminal network whose in- 
put and output are related by a differ- 
ential equation describing its behavior. 
In this paper a system function will be 
defined as a nondimensional ratio of out- 
put to input. A component will have a 
system function, and a combination of 
components will have a system function. 
It is, therefore, necessary to describe 
carefully what a given system function 
includes. It is also necessary to describe 
the operator used in expressing the system 
function. If the operator is a pure 
imaginary frequency, then a ratio of 6, to 
0; will be written 


The more general operator p is implied by 
the simple expression 0,/0;, instead of 
always writing 0,(p)/0;(p). Similarly 4; 
(p) — 6,(p) will be written 0; — 4. 

A reciprocal system function will be a 


Figure 1. Block dia- 
gram of a servomecha- 
nism where the com- 
ponents may be con- Go 
sidered as elements in 

a cascade circuit 
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nondimensional ratio of input to output. 
A component will have a reciprocal sys- 
tem function, and a combination of com- 
ponents will have a reciprocal system 
function. 

The use of reciprocal system functions 
allows a separation of the component 
characteristics not otherwise realizable, 
which leads to greater simplicity of 
analytical treatment. With reference to 
Figure 1 


90 (4.5) = K Gal js) =KiGn (jus) KxGa(jes) X 
. K;3G3(jw)KuGs(jw) (1) 


and 

One, KaGa( jo) 

eye @) 
5; 1+KaGaq(jo) 

Inversion of equation 1 leads to 

€ 1 

(4) = 3 
ig KaGalie) sy 
and inversion of equation 2 leads to 

ee 1 

(ju) =1 + (4) 
9% KaGq(jw) 


and demonstrates that the system may be 
studied by a treatment of the function 
K4Ga( jw), or by a treatment of the 
reciprocal function 


1 
KaGa(ju) 


It does not matter which technique is 
used, because the effect of any one com- 
ponent, for instance K,G,(jw), may be 
studied by a vector product manipulation 
on a polar plot. 

In one important way, however, the use 
of reciprocal system functions simplifies 
the problem of synthesis of simple cas- 
caded systems. In a complex plane, in 
which the vector from the origin atw = 
6 iS 


1 
KaGa (jor) 


loci for 
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So,;: 
— JW | =M 
lar ) CONST 


6/07 -Za 


cH KSC) 


Q 


= constant 


4. 
2% (jw) 


are circles, concentric about the —1 + 70 
point with a radius equal to the magni- 
tude. Loci of constant angle between in- 
put and output are straight lines which 
pass through the —1 + 70 point‘and a 
point on the imaginary axis equal to the 
tangent of the angle. These loci are 
shown in Figure 3, where they may be 
contrasted with similar loci as they appear 
on a plane where the vector from the 
origin at w = w, is KgGq(jor). 

A simple demonstration of the nature of 
the loci of constant 


CP 
2 (jw) 
is to set the radius vector 


1 
————=R4jXxX 
KaGa(jo) i 


and find the analytical geometric equation 
for constant 


LPR, 
a 


Substituting in equation 4 


%,. ; 

—(jo) =1+R+jX (5) 
99 

from which 

5iCGa)] = (R41) +x8= > 6) 
9% eer ae 


where the constant M has been defined so 
as to be consistent with Hall.1? Equa- 
tion 6 represents a circle whose center is 
at —1 + jO and whose radius is 1/M. 
The manner in which loci of constant 


Me \ 
Gat 


and loci of constant angle between 6, and 
6, appear on the complex plane of 


IV 
KaGa(jw) 
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$=-45°9, 1359 --- 


$=90°, 180°... 
+14jo 


$=+459,- 1355 --- 


(B) 


Figure 3. Loci of constant magnitude of the 
ratio of the output quantity to the input quan- 
tity of a servomechanism and loci of constant 
phase angle between the output quantity and 
the input quantity of a servomechanism as they 
appear on two complex planes 


A. Plane of 1/KG(jw). A complex plane 

where the radius vector is the complex ratio 

of the error of the servomechanism to the output 
quantity 


B. Plane of KG(Gw). A complex plane 

where the radius vector is the complex ratio 

of the output quantity to the error of the 
servomechanism 


is important only when these loci are used 
as design criteria for the servomechanism. 
In design work the degree of resonance 
often is limited by specifying a maximum 
allowable value of M. In terms of the 
degree of stability of servomechanism 
transient response this is a rough ap- 
proximation at best. This is unfortunate 
because specifications for the speed of 
response and degree of stability of servo- 
mechanisms usually are given in terms of 
their transient response. 

The transient response is related 
mathematically to the frequency response 
by the Fourier integral. A perhaps 
oversimplified interpretation of this rela- 
tionship is used in specifications of servo- 
mechanisms. Such specifications limit 
the amplification, by resonance effects, of 
the input and demand a sizable output 
magnitude at high frequencies. For 
complicated systems, however, this gives 
the designer something tangible toward 
which to work, as well as a good approxi- 
mate prediction. 

The use of the complex plane of 


1 
KaGa (jw) 


permits a quick determination of reso- 
nance by noting the proximity of the 
locus to the —1 + j0 point. This ad- 
vantage is, of course, not fundamental. It 
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7 4 ie 
is apparent in the solution of numerical 
_ problems. a a 
- Toreturn to the more complicated sys- 


tem represented in Figure 2: the ratio of 
output to input is 

90, KaGa Ge) 

(j ) d ajo (7) 


4% O17 14-KaGa (jo) KyGpjo) 


_ and the ratio of output to error (defined as 
4 0, ma 84) is 


KaGa(jw) 


= 
6 I) “TH RsGa (Ge) KGy(Ge) —KaGa Go) 
(8) 


_ This is a hopeless tangle to unscramble 
_ when an alteration in either KgGq(jw) or 
KyG;(jw) is needed. However the inver- 
Z sion of equation 7 leads to 


+KyGy(jo) (9) 


: are ) it 
= (jo) = 
9 KaGa(jw) 


and the inversion of equation 8 leads to 


ics 1 3 
0, KG, Go) +KyGy(jw) —1 (10) 
Both equation 9 and equation 10 make 
_ possible a separation of the frequency 
_ characteristics of the two essential com- 
- ponents in the system. Equation 9 and 
equation 10 indicate a vector addition of 
the characteristics of the components. 
The result is obtained with comparative 
ease and leads quickly to a qualitative 
idea of the effect of a change in one or the 

other of the two parallel components. 
It would seem from examination of 
equation 9 and equation 10 that the ratio 


4 


4. 

% (jw) 

might be plotted instead of 

cre 

a 

since the criteria of resonance concerns 
Uh ow 

% (jo) 


directly. If this is done then loci of con- 


stant 


%.. 
6 (jw) 


are obviously circles about the origin. 

When problems are actually being 
solved, it often will be convenient to plot 
on the same sheet of paper a locus of 


and a locus of 
Ore. 
8% (jw) 
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With reference to equation 9, 


lie 
KaGa(jw) 
may be plotted as the radius vector, and 
the resonance of the system may be 
studied by considering the locus to be 


Cra. 
ao”) 


where K,G;(jw) is always unity. For this 
purpose circles may be constructed about 
the —1+j0 point. Then, on the same 
sheet of paper a locus of KyG;(jw) may be 
added vectorially to the locus of 


1 
KaGa (jo) 


The resulting locus has a radius vector 
which is 


Crm 
Fs (jw) 


and the resonance of the final system may 
be studied by constructing circles of radius 


“(ju 
Pisses 
about the origin. 


Time Delays in Measuring Output 


In order to control a process with a 
servomechanism, it is necessary to meas- 
ure the output quantity. The accuracy 
with which the measurement is made, 
both statically and dynamically, is in 
large part indicative of the success of the 
controller. Unfortunately many meas- 
urements are made, for one reason or 
another, with equipment that responds to 
a sudden input with a time delay. The 
response delay may be either a character- 
istic of the measuring instrument or a 
characteristic of some smoothing circuit 
that is used. 

As an illustrative problem, to show how 
the effects of a time delay in error meas- 
urement may be treated, a system will be 
discussed where the direct circuit, includ- 
ing control amplifier and process, is char- 
acterized by the system function 


thas 
b(Tap+1) 


Equation 11 is representative of a cas- 
caded control amplifier sensitive only to 
the input to it (and not to the derivatives 
or integrals of that input) and a process 
characterized by a characteristic time, Tq. 
Such a system is described in Figure 7 
where 


Ka =KecKco/f and Tz=J/f 


KaGa(p) = (11) 


This much of the system is equivalent to 
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Uy x 


the type I controller of reference 1 in 


which the ratio of the static stiffness K to 
the output damping, f, is Kg, or the 
velocity-error constant, and the ratio of 
the output inertia, J, to output damping, 
ie is vie 

The output measuring device of the 
illustrative problem will be assumed to 
have a response indicated by the transfer 
function, 


KyG;(p) stoma 


12 
Typ+1 (12) 


If the measuring device is considered by 
itself and is subjected to a sudden input, 
X;, then equation 12 indicates that the 
output, X,, will have the form 


—t 
wy 


Before equation 11 and equation 12 are 
inserted in equation 9 and equation 10 
to study the characteristics of the servo- 
mechanism, it is desirable to make one 
change of variable. If Typ is replaced by 
A; the ratio T,/T, defined as A; and the 
product K,yTq defined as B, then the 
problem can be generalized, so that the 
solution will apply to any numerical 
value of Tg. Equation 11 then may be 
rewritten as 


ee ee ~e eed 


B 
K, y= 14 
aGa() xO4+1) (14) 
and equation 12 may be rewritten as 
1 
= 15 
KyGys(r) Ane ( ) 


The servomechanism characteristics then 
are determined by a substitution in equa- 
tion 9 and equation 10. A nondimen- 
sional frequency variable is introduced 
when the operator A is replaced by ju 


4 _juGut) 1 


i —— 16 
a”) ELT ee (16) 
Cy gam AE) ae 
(Ge ee 1 
a (ju) Bisel 1 (17) 


The effect of change of gain factor B for 
a given ratio A is illustrated in Figure 4 
by a graphical construction of the prob- 
lem, based on the frequency loci. As 
illustrated, the functions 


1 
KaGa(ju) 


and K,G;(ju) are plotted separately and 
combined by vector addition. The de- 
gree of resonance for a particular adjust- 
ment is noted by observing the proximity 
of the proper locus of 


H;,. 
—(ju 
0 G ) 
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ae 

KaGa(ju) 

(DRAWN FOR B=!) 
u=1.0 


~ (jut!)Giu) 
B 


Ci 
LOCI oF 5- (ju) OF SERVO, A=1, B= 
Hii ll : 


-1+j0e 


to the origin. A whole range of system 
constants may be studied if a number of 
curves are drawn similar to Figure 4 for 
different values of A. From each of these 
plots a secondary group of curves may be 
made relating the resonant frequency and 
degree of resonance 


to the parameter being varied. Finally 
the data may be translated to the form 
shown in Figure 5, where lines of constant 


6. 
(minima value of > ia) 
0 


1 


%,. 
Ur (Ge) minimum 

and lines of constant resonant frequency 
are plotted as functions of Aand B. * ~ 

The process of examining the effect of 
change of a system parameter over a 
range is a laborious process. This is true 
to different degrees depending on the 
analytical technique used. Most often 
the analysis would not be carried so far 
as the one illustrated. Generally, the 
nature of the particular problem fixes a 
number of the parameters, and the prob- 
lem is reduced in complexity. Quite 
often, too, the apparatus being considered 
is at hand for experimental study, and the 
analysis is used simply as an aid in visual- 
izing the trend that should be observed 
following a change in the system. 

For the problem being discussed it is 
practical to make a study of the transient 
response of the system, as well as a study 
of the frequency response. If the general 
operator A is used instead of ju and equa- 
tion 16 is combined and inverted, then 


@(s)___—-B(AA+1) 
64() A(A+1)(AA+1) +B 
1 
; B(.+4) 
3B (18) 


A+1 
ieee +o 


A A 


The denominator of the right hand side of 
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{ 
KeGe= i+ jAu 

WHERE (A=!) 
25=uU 


proportional servo- 


Figure 4. Loci for a 
mechanism with a time delay in the feed-back 
circuit to show the effect of change in direct 
circuit gain for the case Of equal characteristic 
times in direct and feed-back circuits 


equation 18 is the characteristic equation 
of the system when set equal to zero. 
The roots of the characteristic equation 
are indicative of the transient response, 
as has been discussed often in articles of 
servomechanisms,! 

The characteristic equation for the 
problem being discussed is 


wabanil 
A 


ee oO 
iy 


(19) 


dot 


0.6 


KqTg» GAIN FACTOR 
°o 
@ 


2 


which may be factored into the form 
(Aa) (A? + 2oundA +n?) =0 


for particular values of Aand B. Theun- : 
damped natural frequency, M,, and the — 
exponential decay constant, a, have been — 


nondimensionalized by the use of the 
operator \ instead of the operator p. For 
a particular value of Tq the exponential 
characteristic time is Tz/a seconds and 
the undamped natural frequency of the 
quadratic root, W,, is U»/Tq radians per 
second. The damping ratio £, defined as 
the ratio of actual to critical damping of 
the quadratic factor, is already a non- 
dimensional factor and does not change in 
value with the reversion of the problem to 
one of particular values for the process 
characteristic time Tz and measuring in- 
strument characteristic time Ty. 

If a number of solutions of equation 20 
are made for several values of A when B 
is constant, then for the same values of A 
when B is constant at another value, a 
series of curves may be drawn which 
represent a, ¢, and uw, as a function of A 
when Bis constant. Finally the solution 
may be redrawn as shown in Figure 6 
where lines of constant a, ¢, and pw, are 
plotted as a function of A and B. This 
figure demonstrates immediately the re- 
sults that will be obtained for a particular 
adjustment of parameters. There is, 
however, an omission, in that the magni- 
tude of the two modes of recovery are not 
compared, which is not serious because it 
is necessary to admit at the outset, that, 
unless every system parameter is known 


g1o7-5 


B 


Resonant 
and de- 


resonance, 


Figure 5, 
frequency 
gree of 


Ad 


min=M 
function of nondimen- 
sionalized system pa- 
rameters of a propor- 
tional servomechanism 
with a time delay in i 
the feed-back circuit fe) 
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(20) 5 


exactly and complete solittions are made 


- for each adjustment, there will have to be 
a final experimental adjustment of the 
system. The purpose of the analysis as 


used in practice is to determine the 


approximate correct adjustment of the | 

_ system and to indicate the direction im- 

_ plied by a proposed change of parameter 
values. — 


Because the solution to the character- 


istic equation of the illustrative problem 
* can be presented fairly readily in the 
_ form of Figure 6, it is possible in this case _ 


to compare the criteria for servomecha- 
nism frequency response with criteria for 
transient response over a range of system 
adjustment by a comparison of Figures 5 
and 6. 

An empirical figure of merit for the de- 
sign of servomechanisms by use of fre- 
quency response data has been to limit 
approximately the degree of resonance so 
that 


4 6, 
Mimax — — (jw) Ss. 
0; max 
or 
: 1 0; 
| (700)| 0.67% 
~- Mimax 07” min 


For a simple system such as the one just 
discussed where A =0 and a= ™, there is 
a simple relationship between the damp- 
ing ratio, ¢ and the degree of resonance, 
Max. This relationship is shown graphi- 
cally in Figure 7 where a value of Mmax= 
1.5 may be seen to corresp ond to a damp- 
ing ratio ¢=0.35. For the more compli- 
cated illustrative problem the correspond- 
ence between Mmax and ¢ can be seen to 


0.4 


a. eae | Tt 

remain very similar to that for the simpler 
system with no delay in the feed-back 
circuit. This is a peculiarity of this par- | 
ticular problem and has been shown in un- 
published work of others not to be a 
general case.** For more complicated 
systems the indications are that, when the 
degree of resonance is limited, the degree 
of stability can vary over a substantial 
range. A great deal still can be done to 
clarify the relationship between criteria 
for servomechanism design. 

In concluding a discussion of the prob- 
lem used as an illustrative example, it is 
desirable to point out that the character- 
istic equation, equation 19, is the same as 
any that would result from any time delay 
in the circuit. If, for example, the trans- 
fer function of the direct circuit were of 
the form 


Oe | 
€ p(Tap+1) (Typ+1) 
where the components formerly in the 


feed-back circuit are moved to the direct 
circuit, then 


(21) 


RL Be KIBE als leks (22) 
6, P(Tap+1)(Typ+1)+Ka 

or 

0). BIA 

a0), 4 ane fae (23) 


where A, A, and B are as defined for equa- 
tion 14 and equation 15. The denomi- 
nator of equation 23 is identical to that of 
equation 18. 

The foregoing discussion leads to a 
general comment.on the nature of the 


B=KqTq». GAIN FACTOR 


2 : . 8 
RATIO OF CHARACTERISTIC TIMES ve 
DIRECT AND FEED-BACK circuits, A® Te 
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Figure 6. Presenta- 
tion of the salient fea- 
tures of the transient 
response of a propor- 
tional servomechanism 
with a time delay in 
the feed-back circuit 
as a function of non- 
dimensionalized sys- 
tem parameters 


characteristic 
equation 


x3 me +1 se ee 
1.0 A A A 
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Figure 7. Correlation of degree of resonance 
M, with the ratio of actual to critical damping, 
t, for a proportional servomechanism 
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Peak of frequency response occurs when 


B=V/1—-20? 


transient response resulting from any 
sudden disturbance, no matter where in 
the closed loop of a single-loop servo- 
mechanism it is inserted; namely, that 
the system always will recover with the 
same modes of oscillation and degree of 
stability and/or with the same exponen- 
tial decay times. The predominance of 
one part of the response over another, 
however, will change, depending on where 
in the closed cycle the transient disturb- 
ance is introduced. This conclusion ap- 
plies in a limited degree when there are 
multiloop systems involved. 

Ina similar way, the system response at 
the output resulting from a sinusoidal dis- 
turbance depends on where the disturb- 


*The number varies considerably depending on the 
designer and the application. 


**The manner of presentation of the roots of the 
characteristic equation as functions of system pa- 
rameters and the comparison of these with similar 
data from frequency response studies is identical to 
that used by D. F. Tuttle of Massachusetts Insti- 
tute of Technology. He compared the criteria for 
an integral control system. 
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‘Figure 8. Diagrammatic arrangement of com- 


ponents in a multiloop servo system 


ance is inserted. Any one system may 
have to be capable of satisfactory be- 


havior following any of several disturb- 
ances, and there may therefore be a dual 
specification. The same general tech- 
niques of analysis employed in solving the 


- illustrative problem can be used to deter- 


mine response to a sinusoidal disturbance 
somewhere in the closed-cycle and hence 
be indicative of the transient response to 
a sudden disturbance at the same place. 
With reference to Figure 1, if the disturb- 
ance is 0,(p) between the preamplifier and 
the servomotor then 


0; 1 

6 KeGa(p)KiGa) K 24 

0 TEU CNC Nn in ce 

General Treatment of Multiloop 
Systems 


The technique described for the study 
of a servomechanism whose output quan- 
tity is not measured instantaneously is a 
powerful tool in dealing with much more 
complicated systems. It is particularly 
useful for studying systems where there 
are feed-back paths within feed-back 
paths, or in another way of speaking, 
where there are several loops. 

A block diagram is drawn as Figure 8 
to illustrate a multiloop system in general 
terms. The number of loops have been 
limited because the treatment of a larger 
number of closed loops is a logical exten- 
sion of the treatment of a limited number. 

The reasons for a large number of closed 
loops in a servomechanism system may be 
several. There are, however, three most 
likely reasons for such complicated struc- 
tures: 


1. A servomechanism may be required to 
serve in more than one capacity wherein it 
may be used by itself or it may be used, 
after a switching operation, as a part of an 
inclusive control system. 


2. It may be possible to improve seryo- 
mechanism performance by the use of com- 
pensating networks whereby additional con- 
trol signals are introduced, in addition to the 
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rete input, which i isa function of the out- | Figure Ort) 


‘put quantity or its derivatives or it ponents for 


3. It may be necessary to measure the o ut-— 
put quantity with a device which cannot 
considered perfect as compared with the 
rest of the system. 


The following analytical representation i 


the system of Figure 8 is general, in that it 


does not define the purpose of the several 
components. 

(a). For the Piece loop with others 
disconnected where 6, is the Beatie 
variable 


Bin _ 
% aa 
(0). For the second loop with the out- 


side loop disconnected, where O49 is zero 
and 9. is the independent variable 


cai (Py Tee (25) 


+KuGutp) |+ 
KnGn(p) (26) 


(c). For the third loop where 6;.=0 
and 6,3 is the independent variable 


fa ee Fear 1 
6, KwGi2(p)_KuGu(p) 


i silts 1 Gs les wep 
06 KisGis(p)_KiGie(p)\ KuGu() 
KaGo1 )) +KoGo2 | +Ko3Gos(p) (27) 


which process can be continued to include 
as many closed loops as there are in the 
system. The final result is indicative of 
the characteristics of the whole system. 

To consider the characteristics of the 
inside closed loop, the outside loops may 
be treated as additional feed-back paths. 
If an input 0; is considered as adding to 
the output from Ky2Gu(p). 

(a). For the outside loop disconnected 
and 6,2 held at zero the input to the circuit 
K uGu(p) is 


9419 + [Ki2Gi2(p) K22G22(p) 09 — [Ka1Gor(p) 10, 
(28) 


and this is reproduced at the output as 


KuGu(P) [6119 +-Ki2Gi2(p) K22G22(p) 0 — 
K2iGo(p)0]=6 (29) 


1 
pt, AE ey genie ym 
@% KGa) 1G2(p) 
Ki2Gi2(p) K22G22(p) (30) 
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between Ba nd Fe ee this i is a. 
addition to equation a0." 
F410 


ao: Kn 2 5) sm + KaGa(P) +KuGu (p)> x 3 


[KesGos(b) KisGia() —KuGu(p)] @ i a 


The foregoing process may be ae % 
to include as many loops as are necessary. 
Even though the systems are very compli- 
cated, there is a reasonable way to con- 
sider the effect of change in any of the 
circuits by graphical construction of the 
loci of the reciprocal system function, 
where the operator is (jw), and by observa- 
tion of its salient characteristics. 


© ey elle Ae 


Comments on Compensating : 
Networks 


The performance required of a given 
servomechanism is derived from the speci- — 
fications for the operation of the whole — 
control system. Such specifications are 
particular to any one application but are 
generally of two types 


1. Those concerned with the steady state 
response to a typical input. 


2. Those concerned with the dynamic or 
transient response. 


In the first group, familiar specifications 
are concerned with: static accuracy; 
steady-state following error when the in- 
put is uniformly changing; steady-state 
sinusoidal errors when the input is moving 
sinusoidally at low frequencies; errors 
introduced by the application of load on 
the output. The second group of speci- 
fications is concerned primarily with the 
speed of response and degree of stability 
of the system, following suddenly applied 
inputs or loads. The problem for the de- 
signer of servomechanisms usually re- 
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solves itself into determining means for, 
obtaining the desired steady-state re- 
sponse without harming the dynamic re- 
sponse characteristics. 

In accomplishing bis purpose in design- 
ing servomechanisms, the engineer usually 
resorts to the use of certain general tech- 
niques which are economic of equipment 

_and which often make the control system 
feasible. These techniques center around 


ee 1. 

3 ‘istics of the process, so that it is more con- 
trollable. 

4 


2. The use of special control circuits. 
4 


The close specification of the character- 


; One widely used technique is to make the - 


control amplifier sensitive to derivatives 
and integrals of the servo error as well as 
e _ the error itself. The controller then is 
‘described as one which anticipates and 
remembers. The general purpose of the 
use of derivatives of error is to improve 
the degree of stability of the system, 
thereby making possible larger sensitivity. 
_ The general purpose in the use of integrals 
of the error is to increase the system sensi- 
tivity statically or at low frequencies 
-_ without materially harming the perform- 
ance of the system at frequencies where it 
is likely to oscillate. The techniques for 
‘the design of these compensating devices 
are not the main concern of this paper. 
They have been discussed widely (see 
reference list) and can be treated as cas- 
caded elements in the system. In Figure 
1, a change in the controller, represented 
by the operational transfer function 
K,Gi(p), can be treated readily since it is 
multiplied by the transfer functions of the 
remaining cascaded elements. This has 
been indicated previously in equation 1. 
There are a number of other compen- 
sating networks which cannot be accu- 
rately described as cascade elements in 
the control system. Several examples of 
these are enumerated: 


1. Feedback around a component or group of 
components. This often is done to improve 
the dynamic response of elements or to re- 
move the dependence on open-loop instru- 
mentation in the action of an element. In- 

 tegral controllers sometimes are made by the 
use of feedback. 


2. Output feedback. It is often possible to 
obtain a stabilizing device by returning sig- 
nals to the controller which are functions of 
the derivatives of the output quantity, as 
well as functions of the output quantity it- 
self. When these signals are used without 
subtracting them from similar functions of 
the input, then they are no longer cascade 
elements. 18 


3. Input feed-forward. This is a term used 
to describe systems which measure a func- 
tion of the derivatives of the input as well as 
the input itself, thus supplying the control 
system with advance knowledge of what is 
going to be required of it.8 
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4. Tuned loads. 


f 
These are used to impose 
a restraint on the output member which is 
frequency sensitive. They are devices that 
limit the ability of the output member to 
oscillate at the resonant frequency of the 
system. 


All of the afore-mentioned techniques 
are fairly complicated in their application. 
It is not practicable to treat them all, and 
the opportunity to obtain general solu- 
tions is limited. They can, however, be 
studied quite satisfactorily by the use of 
appropriate system functions. The re- 
mainder of this paper will deal with an 
illustrative example wherein output feed- 
back is used to improve the performance 
of the system. 


Tachometric Feedback in Positional 
Servomechanisms 


If the speed of the output of a position 
control is measured, and a function of this 
signal is fed back degeneratively into the 
amplifier stages, where it is added to the 
positional error signal, the performance 
of the servomechanism may be improved. 
This may be visualized physically by com- 
paring this technique with that of em- 
ploying the derivative of the servo error. 
When the servo input is stationary, the 
two are identical in function if the tacho- 
metric signal is not modified by some 
additional network. It would be con- 
cluded, therefore, that tachometric feed- 
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D-c tachometer with high-pass 
filter 


Figure 10. 
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back has a stabilizing effect, since the good 
use of error derivative techniques i is” Me 
known.!? 

Actually the tachometer signal usually 
is modified to improve the steady-state 
error that results when the input is mov- 
ing at a constant velocity. A high-pass 
filter usually is used, so that no signal is 
sent back when the output is moving at a 
constant velocity or is following sinu- 
soidal inputs of relatively low frequencies. 
The filter, however, allows the tachom- 
eter signa! to pass freely at frequencies 
where the servomechanism is likely to 
oscillate. A simple filter is shown in a 
tachometer circuit as a part of Figure 10. 
By this technique the stabilizing effect of 
the tachometer is made available at fre- 
quencies where the servomechanism is 
likely to oscillate and does not require an 
even greater error signal to make the out- 
put move at a given speed. 

The tachometer signal need not be 
added to the control system at the same 
place where the positional error signal is 
introduced. A general arrangement of 
components is illustrated in block dia- 
gram form in Figure 9. The preamplifier 
may use an integrating circuit or some 
other compensating circuit if the specifi- 
cations for the servomechanism cannot be 
met without their use. For the first ex- 
ample to be discussed here the amplifier 
will be assumed to be proportional and 
characterized by a gain factor, Kz. Also 
in the first example it will be assumed that 
the servomotor is one in which the output 
damping is negligible and that the inertia 
of the motor and output member is the 
only energy storage element on the output 
shaft Under these conditions the trans- 
fer function KnGm(p) =Km/Jmb?. With- 
out the use of some sort of compensating 
device this system would be unstable. 
To stabilize the system let the tachometer 
circuit of Figure 10 be used. The ampli- 
fier K,Gy(p) will be assumed to be pro- 
portional and to have no time lags. 
Equations for the system may be written 
on the basis of the foregoing simplifica- 
tions: 


SiRCP% 
=6,—64=K,e-— 32 
Oe 64 = Kae RCp+1 (32) 
Imb? 
= 33 
Oe KK 0 ( ) 
from which 
p2 2 
ee Fe SyRCp | (34) 
6, Kal Bika RCb-+! 
and since by definition, e=0;—@, 
2 
sas ae z| glia! goslasetd | (35) 
8, Kee RGA 
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which may be written in the form 


% St OR | 
Seite ae ag | eee 
where \=RCp. If the right hand side of 
equation 35 is expressed in terms of a 
common denominator, the numerator of 
the resulting fraction is the characteristic 
equation when equated to zero. 


ImRCp ate (Kp KmS:RC+JIm)b? + 
KiKoKmRCb+KeK>yKm=0 (37) 


The characteristic equation may be 
written in terms of A instead of p 
and two nondimensional parameters de- 
fined 


Im 


ee ey ee nee 38 

2 RCK» KS; su 

= 39 

a K,RC uy 

AB ee ah oe a (40) 
10. FD FD 


Equation 40 is in a form where it may 
be broken down readily into a study of the 
real and quadratic factor. These factors 
could be expressed graphically as func- 
tions of F and D in a manner similar to 
Figure 6. 

An important deduction can be made 
with reference to equations 38 and 39. 
It can be seen that F and D may be con- 
trolled separately in magnitude by ad- 
justment of the time constants and com- 
ponent sensitivities in the system. This 
means that mathematically any desired 
result may be obtained for the response of 
the system. 

There are two practical limitations on 
the procedure of unlimited adjustment. 
The first, and most important, is that no 
physical system can be represented by 
such simple differential equations as a 
first order approximation when the natu- 
ral and resonant frequencies for the 
system become very high. The second 
limitation is that the specifications for the 
performance of the servomechanism do 
not, as a rule, justify the expense in 
equipment in obtaining better perform- 
ance than is required. 

By using the same substitutions given 
in equations 37, 38, and 39 the frequency 
response loci may be studied in accord- 
ance with the functional relationship 


indicated by equation 35. Setting 
A=jW 

7s ; (jW)? 

— (jW) =1+D)] FGW)? 

Bo (GW) =1+ | GW) er (41) 


Figure 11 shows an example of the con- 
struction of typical loci for one particular 
value of D and two values of F. In draw- 
ing these loci, it would have been as easy to 
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construct them by adding to the locus of 


Wy? 
14+jW 


shown in Figure 10, the locus of FGW)? 
and work with the resultant locus as a 
reciprocal system function 


i 

dW) 

The polar expansion of this locus is con- 
trolled by the gain factor D. 

The same conclusion about the adjust- 
ment of the system may be reached from a 
study of the frequency loci as was reached 
from a study of the characteristic equa- 
tion; namely, that any response desired 
could be obtained by appropriate selec- 
tion of parameter values. 

There is, however, one important fail- 
ing of this technique in that there is no 
simple way known to the author that has 
yet been evolved to see the presence of 
predominating real roots in the transient 
response by simple examination of the 
locus. It has been suggested that the 
rate of change of phase near zero fre- 
quency might hold a clue, but this has not 
been investigated thoroughly. Evenina 
complicated system, however, it is not a 
long problem to evaluate a real root and 
its coefficient for particular values and for 
a specified disturbance. Hence, there is 
the desirability of always keeping in close 
touch with the transient specifications of a 
system when the major part of the study 
is done by frequency characteristics. 

It will be desirable to conclude this dis- 
cussion of tachometer feedback by study- 
ing the application to a system more ex- 
actly represented by higher order differ- 
ential equations than the afore-mentioned 
one. In doing this, only the frequency 
response technique will be studied, be- 
cause a study of the transient response 
becomes hopelessly complicated, except 
for final checks on the presence of unde- 
sirable real roots in the characteristic 
equation which are excited by typical in- 
puts expected in the application. 

A typical servomotor for a position con- 
troller will be an integrating device with 
an elastance storage element as well as an 
inertia storage element. The transfer 
function, KmGm, for such a servomotor 
would be of the form 


Sm 


ncn ee = 
0) = Tab bfnb ha) 


(42) 
where Km is S;,/km and is expressible as 
per unit speed output per unit input. If 
the numerator and denominator of equa- 
tion 44 are divided by k, and the open- 
loop undamped natural frequency of this 
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component be written aS Wy =Rm/SIm, and 
the ratio of actual to critical damping of 
the open-loop characteristic be written as 


ne fies. 


2V Jmkm 


then equation 44 may be rewritten 


KmGm(h) = tL. choles 
= (= t+ p41) 
On On 


wy? 


and transformed, when 


=— pinto 
Sm/kmeon 
I RET a Sa 
KmGm() =a 1 oex-+1) (44) 


The amplifier used with such a power 
motor probably has an open-loop speed of 
response of the same order of magnitude _ 
as the servomotor itself. If the transfer 
function of the amplifier be assumed to 
be of the form 


a (45) 
tpt+1 
where the characteristic time, tT, is arbi- 
trarily set equal to 1/w,, which is com- 
mensurate with the foregoing statement 
regarding its speed of response, equa- 
tion 45 then may be rewritten in terms of 


KyGy(p) = 


K, 
KyG() =—— 


x41 (46) 


The cascade of the amplier and servo- 
motor then may be written as 


KoKn 
Qn 


~ AFI) (AP-++2EN-4DA 
(47) 


KmGm (P)KyGp(P) 


The preamplifier will be assumed to be 
characterized by a gain K, and negligible 
characteristic time. 

If the components are assembled in a 
servomechanism without tachometer feed- 
back and the gain of the system 
Kaky Km 


On 


be adjusted to give the highest resonant 
frequency possible with a peak degree of 
resonance 


6; 


Oo\min 


of 0.7, then the resulting frequency locus 
will be as shown in Figure 12 where {=0.3 


and A=ju. The gain adjustment was 
such as to make 
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Figure 11. Loci illustrating a study of the 


_ application of tachometer feedback to a pro- 


~~ 
baa 


SAL eb a 


portional servomechanism whose output mem- 


ber is characterized by load inertia and no 


damping 


If, now, tachometer feedback is to be 


_ added to the system, the analytical com- 


“bination of the system is indicated in 


equation 48. 


ear 1 il 


© lig saa aS fe 
i, Ke Gap Rae 


(48) 


_ which is derived for the system block dia- 
gram of Figure 9. 


The type of tachometer feedback used 
will be that illustrated in Figure 10, so 
that 


ead R2C2p? 
49 
K,G,(p) = — aE 


RCp+1 

A question immediately arises about 
the magnitude of the tachometer signal 
that can be made available, or in other 
words what is a reasonable value of K, 
with respect to the sensitivity of the 
amplifier and servomotor in cascade. If 
K, were exactly equal to 1/K,,K, then, 
in the absence of the tachometer RC net- 


work, the amplifier K, would have to sup-. 


ply just twice as much signal to make the 
output run at a given speed as it would in 
the absence of the tachometer. Calcula- 
tion would show that a locus resulting 
from substitution in equation 50 would be 
altered very little by the addition of 
tachometer feedback with so low a ta- 
chometer sensitivity, unless the character- 
istic time of the RC network is made very 
large. Unfortunately, if the character- 
istic time of the RC network is made 
much larger than those in the remainder 
of the system, the speed of response of the 
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SOMPEEA PLANE 
or = a = Gy) 


& 
80 


servomechanism will be reduced by the 
introduction of a predominant exponen- 
tial decay in the transient response. 
This conclusion is largely an experience 


- deduction based on heuristic reasoning 


about the flow of correcting signals 
through the circuits. However, it has 
been substantiated by actual calculation 
in a number of instances. 

In Figure 12 the original locus is shown 
modified by a tachometer feed-back cir- 
cuit with the particular adjustment 


1 


RC=— (50) 
n 
and 
S; Wy 
K,=—=> > =28 
fis RO RaRe Re ay) 


The addition of tachometer feedback al- 
lows an increase in the preamplifier gain 
of 27 per cent without increasing the de- 
gree of resonance. 

The allowable increase in gain may be 
obtained by evaluating the polar contrac- 
tion of the final locus before again becom- 
ing tangent to the 1/M=0.7 circle. 
Another technique is to find by trial and 
error a new circle, whose radius is 0.7 
times the length along the axis to the 
center, that will be tangent to the new 
locus. The amount by which the gain 
may be increased is read immediately 
from the scale on the negative real axis. 

In summary it cannot be emphasized 
too strongly that the major value of such 
analytical techniques as are described 
here is to give a quantitatively approxi- 
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Figure 12. Loci illustrating a study of the 

application of tachometer feedback to a posi- 

tional servomechanism with four energy storage 
elements 


mate idea of the correct approach to a 
problem. However, when the analysis 
includes experimental data on the per- 
formance of the major components, then 
the design of the remaining circuits can 
be done very exactly, although always 
subject to check on the applicability of 
the criteria used for design. 
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_ A Fractional Termination for 


Ry 4 ; a” ate 


Ladder Networks 
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Synopsis: When using a uniform ladder net- 
work to simulate a smooth transmission line, 
the possibility is considered of deriving a 
termination which would be intermediate 
between the usual mid-shunt and mid-series 
types and which would have advantages 
over the latter. It is found that a new 
termination is possible which gives some 
improvement throughout a limited fre- 
quency range. For the dissipationless case, 
the range corresponds to a line of less than a 
quarter wave length. The improvements 
attainable are of the order of a few per cent 
and become less significant the greater the 
number of network sections. Thus, al- 
though the formula for the new termination 
and the estimates of the results which it will 
accomplish are given for any number of 
sections, the new termination is of most 
practical value for circuits of few sections. 
In arriving at this termination, consider- 
ation is given to the variation of each of the 
elements of the pair on each end; but of 
these two, the end element is the only one 
whose variation yields an improvement. 
For the frequency range for which the 
modified circuit is an improvement, the 
distinction between the two original types 
of termination largely is lost, the modified 
midshunt and modified mid-series termina- 
tions being almost identical. Beyond this 
range there is a difference between them, 
and the corresponding original and new net- 
works are nearly equivalent. A possible 
application of the results is suggested in 
which the simulation of a smooth line is not 
involved. 


T is well known that by taking a suf- 
ficient number of sections, a mid-shunt 

or mid-series terminated uniform ladder 
network may be made to approximate a 
smooth line as closely as desired over a 
low-pass band of frequencies the width of 
which increases as the number of network 
sections is increased, It is also true, con- 
sidering the network in the 4-terminal 
sense, that under some conditions a mid- 
shunt termination gives the best results 
while with other terminal conditions the 
mid-series arrangement is superior. The 
question to be treated is whether an inter- 
mediate termination can be found which 
will give a uniformly good approximation 
for all conditions and, if possible, a su- 
perior performance. This is to be in- 
vestigated with the understanding that 
the network must retain its 4-terminal 
identity, which implies symmetry about 
the line indicated in Figure 1. This rules 
out known nonuniform networks that 
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offer economy of circuit elements when 
the line is to be represented in a 2- 
terminal sense only.! 


Properties of Uniform Ladder 
Networks 


It is considered that an analysis of the 
ladder network, when terminal quantities 
are involved, is most reasonably carried 
out in terms of the 4-terminal network 
parameters A, B, and C, which are de- 
fined by the equations 


Eg=AEp+Zr7Blp 
Ig = VrCErn+Alp 


(1a) 
(1b) 


in the symmetrical case. The voltages 
and currents involved are indicated in 


— 
i t TR 
ai ER 
he LINE OF 
SYMMETRY 
Figure 1. Notation for a 4-terminal network 


Figure 1, and Z, and Y, are respectively 
the total series impedance and shunt 
admittance of the line. This notation is 
slightly different from the usual practice 
in that B and C are written respectively 
with the factors Zp and Y, removed. 
This change simplifies many of the sub- 
sequent equations. One may obtain the 
quantities that are necessary for express- 
ing the circuit in other forms from equa- 
tions involving A, B, and C, which may 
be found in standard texts on circuit 
analysis.? 

Expressions for A, B, and C in power 
series of the variable Z,;Yp have been 
given in a previous paper? for a uniform 
ladder network with either type of ter- 
mination. The series form is used because 
it affords simple comparisons with corre- 
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The corresponding results for M identical 3 
w# sections in cascade are obtained by 
interchanging B’ and C’,* and the corres- — 
ponding coefficients for a smooth line are 
obtained from equations 3 and 4 by 
allowing M to become infinite. The 
parameters and coefficients for the smooth 
line subsequently will be referred to as 
ideal values and will be written with a 
bar above the appropriate symbol. 


Modified Terminations 


The simple relationship between the B 
and C parameters of the T and 7m section 
constructions maintains even when all 
network sections are not identical, so long 
as the modifications of corresponding 
elements of the two networks are related 
dually. That is, so long as a given 
change in a series element of one network 
is represented by an equivalent change in 
the corresponding shunt element of the 
other network, we need treat only one 
network. This enables us to proceed by 
analyzing only the T-section case. 

The algebra is simplified if we assume 
an ordinary mid-series terminated uni- 
form network on each end of which is 
connected a new series element. The 
new total series impedance will be 
designated by Zr, and the element added 
to each end will be of magnitude pZ>. 
These definitions are illustrated in Figure 
2A, along with Figure 2B, which shows 
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ce 


the equivalent m-section case, the results 


for which will be included, as explained 


- (Sa) 


B= VZr¥e 

2Z'p=(1-2p)Zr (5b) 
YWr=Vr (5c) 
a’ =aV 1—2p (5d) 


4 _ No adjustment is possible if the network 


| 


has only a single section, so the number 
of sections (M) must be greater than or 
equal to 2. The formulas for A, B, and 
C, the new network parameters, are easily 
_ obtained by considering the network to be 


_ formed by the cascade connection of three 


_ elemental networks as indicated in Figure 
_ 2. This connection lends itself to the use 


__ of matrix algebra in the following way :* 


+4 


J 


: 


¢ 
f 


(A BZr\_(1 v2), 
BXCY, A/ \0 1 


CRY 5). \ Chale. 
ape ns eas) 
C'Yp A'’+pC'a? 


‘The formulas for A, B, and C may be 


picked from the matrix on the right of the 
above equation. Equations 3a-3c are 
used for A’, B’, and C’ with the observa- 
tion that the (a’)”* factors may be re- 
placed by a”(1—2p)*. Also, noting 
that whenever the term a? appears in the 
final matrix of equation 6, it always car- 
ries C’ as a coefficient, and that the maxi- 


_ mum exponent in the series for C’ is two 


less than in the series for A’ or B’, it 
follows that the maximum exponents of a 
in the series for A, B, and C will be the 


same as in equations 3a—3c. Hence 
M 
A=)> aya (7a) 
rA=0 
M 
B=), bya™ (7b) 
A=0 
M-1 
C=>) ord (7c) 
rA-0 


Formulas for ay, by, and c, are obtained 
from the individual elements of the-last 
matrix of equation 6, in conjunction with 
equations 8a-3c. The results are 


an =a'y(1-2p)*+pc’»_1(1-2p)*? (8a) 

by = 2pa’n(1-2p)*+b’,(1-2p) ++ 
p%c'n—1(1-2p)** (8b) 

crx =c’»(1-2p)* (8c) 


In formula 8a, a negative subscript is 
understood to indicate a value of zero for 
that coefficient. At this point it is well 
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i (8) 


Figure 2. Single-element modification 


to make the cautionary remark that if 
these are to be interpreted for the shunt- 
terminated case, it is only the formulas 
for b) and c that should be interchanged. 
Reflection will show that b’, and c’, must 
not be interchanged if they are still given 
by equations 4a—4c. Of course, if an ex- 
change is made there also, the change 
should be made in equations 8a-8c as 
well. In other words, if b’, and c’, are 
not interchanged, they retain their sig- 
nificance of respective coefficients of B’ 
and C’ for a uniform mid-series termi- 
nated network, while if they are inter- 
changed, their new significance relates to 
a mid-shunt terminated uniform net- 
work. 

The condition for the new termination 
has been stated as the removal of the dis- 
tinction between series and shunt element 
termination with, if possible, an improve- 
ment in the approximation for a smooth 
line. The non-equivalence of the two 
ordinary terminations arises from the 
non-equality of b’, and c’, in equations 
4a—4c. One therefore proceeds by first 
making b,=c, for as many values of A as 
possible, starting from A=0, and later 
checking whether they are less in error 
than their corresponding primed coef- 
ficients. From equations 4a—4c it is seen 
that a’, b’o, and c’) each has its correct 
value, and from equations 8a-S8c it 
follows that 


(9) 


It also is seen from equation 8a, and the 
fact that a’,=1/2 and c’)=1, that 


A =bo=Q=1 


a; =a';(1-2p) +pc’p=1/2 (10) 


Thus, to have the first terms correct in 
the power series expansions of B and C 
and to have the first two terms correct in 
the expansion of A, it is only necessary to 
have the total series impedance and shunt 
admittance equivalent to those of the 
simulated line so a will have the correct 
value. 

Attention logically is turned next to a, 
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bi, and ¢. It is shown in Appendix I 
that these are interrelated by the formula 


btoq 1 


0 ne (11) 


2 8 


sO dz will be automatically determined 
when b, and c, are established. We shall 
proceed by putting A=1 in equations 8b, 
8c, and so on to obtain, after substituting 
values for the primed coefficients from 
equations 4a—4c, the following: 


b=o(t-2) +0-204(2)(14.555) (12a) 


2M? 
va02s( 0h) 


Formulas 12a and 12b may be equated to 
yield a quadratic equation in p the solu- 
tion of which readily is found to be 


(12b) 


ee 
oe eo Nera g 


(13) 


The negative sign is chosen for the radical 
from knowledge that p=0 must corre- 
spond to infinite M. Itis interesting to 
note that p is negative, implying a reduc- 
tion of the end element. This is reason- 
able because it physically means a com- 
promise between the two ordinary ter- 
minations. The substitution of this value 
of p in equation 12b gives 


It remains to be seen whether this value 
is less in error than 6’; and cc’). It should 
be noted parenthetically that when com- 
parisons are to be made between the new 
and the old coefficients, the latter must 
represent a network having the same over~ 
all impedance and admittance as the new 
circuit. This only affects A’, B’, and C’, 
through Z’;, Y';, and a’, and not a’, 
b’y, andc’,. Itis only the interpretation 
which is affected by varying Z’7, and Y’,. 
This is equivalent to saying that the 
primes may be removed from Z’7, Y'p, 
and a’, but that they must be retained on 
the parameters and coefficients. It will 
be assumed that this is done for all the 
subsequent comparisons. 

The error of b} = cq, as given by equation 
14, may be estimated by the process 


shown in Appendix II. It is found that 
1 1 1 3 

pe og eee 15 
dap 6 6 aM (15) 


while the errors of 6’; and c’; are, from 
equations 4a—tc, 


bisa (16a) 
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_ It thus is assured that the errors in }; and 


‘ 


¢ are less than those in b’; andc’). 


_ An estimate of the error in the corre- 


sponding a, may be obtained from equa- 
tion 11 and inequality 15. One directly 
obtains . 

1 1 3 


——— <— —g,< —— (17 
24mr 24 49> ae 


It is also important to know how it com- 


- pares with its value when p=0. An 
_ estimate of the ratio az/a’. can be found by 


a procedure shown in Appendix III which 
gives 
(WP —1/4)(M2—7/4) — as 
a2 — 33 a’s 
(M?—2/5) (M?—8/5) 
(ue 1)" 


< 


<1 (18) 


This remains near, but less than, unity. 
The estimate is less accurate when M is 
small, so actual values of the ratio are 
tabulated in Table I along with the ratios 
of a's, d2, 6/1, bk =Gq, and c’; to their ideal 
values. One must observe that the error 
in dis greater than the errorina’,. This 
follows from equation 4a, which shows 
that a’. is less than @, and from relation 
18, which shows a, to be less than a’». 
When |a| is sufficiently small, only the 
first two terms in each of the series for 
A’, B’, and C’ will be important because 
it is known that the coefficients decrease 
with increasing A. Therefore if the co- 
efficients for the new circuit, when ) is 
greater than or equal to 2, are not brought 
into prominence by the modification, the 
new circuit will have less error and will be 
more symmetrical in B and C, for this 
range of lal. Estimates of ay, by, and c 
are therefore in order for X22. The 
methods used in obtaining these estimates 
are illustrated in Appendix III, with the 
results given in the following inequalities: 


Cry (a4) ce 

M?-1 M+1./) a'» 
M?—1/4\)-1/ M?—11/5 
a en) 
123, M23 

ey (eS) bn 

M?-1 M+1/ b’y 

M?—1/4 
Gone 


M?—2/5\* 2 » 
( /5\ a -(M-1/4 
M?-1 c’» \ M?-1 


AZ2, MZS2Q (19c) 


(19a) 


A-1 
) A422, M24 (19b) 


The second of these is valid only for M24 
for a reason which is pointed out with its 
derivation. The actual values of b,/b’, 
for the range not covered by relation 19b 
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for the shunt terminated case 


to avoid confusion. In the light of the the 
statement following equations 8a-8c, one; 


would correctly conclude that 6’, and ¢’y 


retain their positions, while b, and c, are 


interchanged, However, this leaves the 
ratios in unreasonable forms, so it is better 
here to interchange b’, and c’, with the 
understanding that they are given by 
formulas 4a—4c in an interchanged condi- 
tion. This is in agreement with the 


alternative proposition contained in the © 


statement referred to. Relations 19a-19c 
make it clear that none of the coefficients 
is greatly changed by the modification. 
Before continuing with the investiga- 
tion, the meaning of these results will be 
discussed rather fully because they have 
a bearing on the development to follow. 
It has been pointed out that the B and C 
coefficients for the new circuit are more 
nearly equal, and are nearer the ideal 
value, only so long as lal is sufficiently 
small to make the first two terms pre- 
dominant in the series for A, B, and C. 
It would be convenient to be able to 
specify this range definitely, but it de- 
pends on the circuit termination and on 
the angle of the complex number a. 
Something can be said about the range, 
however. In the following discussion the 
range of |a| over which the new circuit is 
an improvement will be referred to as the 
useful range. From equation 11, if we 
take Ab, and Aq as the respective errors 
of b; and ¢, it follows that the error ( Aaz) 
in a2 is 
fee ate 


(20) 
Considering these terms only, we see that 
when |«|=1 the error in A caused by Aas 
is as great as the averaged errors of B and 
C caused by Ab, and Aq. For larger || 
the error of A will become rapidly worse 
because dz is the coefficient of a*, while 5; 
and c are coefficients of a®, Thus it 
would seem that the useful range is about 
lal< 1. However, when considering ag, it 
must be remembered that its error is only 


isnecessary 


Band Care less in error and the err 
is not too much greater, the ne 
may be better. An excep 
would be one in Salen ve hte 
errors in A and B or C were mi 
compensating. In view of these id 
would seem logical to define the 
range as that range for which the erro: 
B and C remain less than in the original 
circuit, with the understanding that som 
cases may arise for which the new circuit 
is not better beyond lol=1. This still 
does not lead to a unique definition, but 
it does lead to the expectation of a range 
somewhat greater than |a|<1 because bz 
and c, are each much less than a2 and do 
not need to be considered until |a| is con-_ 
siderably greater than unity. | 

Some estimates of the useful range a 
the dissipationless case may be obtaine 
from Figure 3. A’, B’, C’, A, B, and Cc 
are shown as functions of a=jwV LC (L 
and C being the respective total induct- 
ance and capacitance of the line) for three 
values of M. From these graphs a range 
of lal< 1.5 seems to be reasonable for this 
condition. This range is sensibly inde- 
pendent of M, a consequence of having 
improved only }; and q in allcases. The 
only advantage of increasing M is to make 
the errors smaller. This statement refers 
of course only to the useful range. In- 
creasing M reduces the errors of all cir- 
cuits for larger lel. 

The estimates given in relation 19 are 
applicable in judging the relative be- 
havior of the circuits beyond the useful 
range. The percentage variations of the 
coefficients of order higher than A= 1 may 
be of the same order of magnitude as the 
percentage improvements realized in }; 
and ¢,. However, the latter are signifi- 
cant because those coefficients are nearly 
correct, while for the former the errors 


slightly less in the original circuit. Since are so large as to make the changes of 
Table | 

M a’2/ae a2/ar a2/‘ae b'1/bi bi/bt=c1/e1 e't/ea 
ee eee 
DQ idievates co OST OOD SE: 0.7082 0.9443 1.1250 0.9288 5 

1 bythe 0448... 65 65151250. vcs tine. 0288.5. omen TOO 
CADE Saar 0.8888. fate. « O.BB1S ess .n3 0. 9026. sco cts 1, GBBB ian ame 0: 0, 0708.5. wecree 0.8889 
TR nti oh 0.9375, vom. 0.9258) nant 0. 0070..0 ae 1.0850) ee Lae 00588. Serie 0.9375 
Cen pete 0.0600. cose 0.9590........ 0.9990........ 1 .0200,..00 Ree . 07990076. <s.slsue 0.9600 
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Performance of a dissipationless 
modified network 


Figure 3. 
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‘small significance. Therefore, although 
there will be differences, we should expect — 


no appreciable difference between the new 
and old circuits when |a| is beyond the 
useful range. It is perhaps more correct 
to say that both circuits are equally bad 
in this extended range. 


Other Modifications 


Since the large error in a, may prevent 
the full realization of the gains made in 0, 
and ¢, one may ask whether a more useful 
circuit might not be obtained if one could 
reduce the error of a2 by allowing b; and cq 
to have errors of opposite algebraic sign. 
This question is treated in Appendix IV 
with results which are negative. It also 
is shown there that the minimum possible 
error in ad: comes when the circuit is un- 
modified. 

The above statements are with respect 
to variations of only the end elements. 
The possibility of improving a2 by modi- 
fying the elements second from the end is 
considered in Appendix V. No improve- 
ment is found. The minimum possible 
etror in a, still maintains when there is no 
modification at all. Furthermore, if b; 
and ¢, are again made equal, their mini- 
mum error comes when the shunt element 
has its uniform-network value and the 
terminal elements are modified in the 
manner already described (speaking of 
the series-element terminated case). 
Corresponding conclusions, of course, 
would follow if the shunt-element termi- 
nated case were treated. No analysis was 
made to determine the effects of modify- 
ing other elements of the network. 


Conclusions 


Within the limits afforded by the con- 
sideration of the end pair of elements, it 
has been shown that the best modification 
is that of the end elements alone. The 
specification for that modification is 
given below, in terms of the parameter 


k= —2p which is introduced because p is 
negative. We have 

'p 1—k(M—1) 
sais =——_——— 7 21 
paren OM T (21a) 
Y'p 1—k(M-—1) 
= err epee pars ee 21b 
out? Yr OM Yr (21b) 


for the series-element and shunt-element 
terminations, respectively. The other 
elements are chosen as if for a uniform 
network but with the series (or respec- 
tively shunt) elements each increased by 
the factor (1+2). 

It has been found possible to modify the 
terminations of a uniform ladder network 
to make it electrically more symmetrical 
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in Band C (thatis, the distinction between 


shunt-element and series-element termina- 
tion is reduced) and electrically more 


nearly like its corresponding circuit of dis- — 


tributed characteristics, both effects being 


true only over a limited range of fre- 


quencies. Since the frequency range is 
independent of the number of sections 
and the improvements are small, the re- 
sults are probably not of great practical 
importance. However, some improve- 
ment was found of a magnitude sufficient 
to make the new termination of value in 
an experimental application in which 
only a few sections are used. With many 
sections the need for accuracy would have 
to be extreme to make the new termina- 
tions useful. 

In the discussion, emphasis has been 
placed on enhancing the similarity be- 
tween the lumped network and a smooth 
line. 
so any type of physical line is represented. 
Many forms of Zr and Y>, however, do 
not represent a realizable line at all. In 
such cases the electrical symmetry im- 
provement, in the afore-mentioned sense, 
may be of some advantage. __ 

In spite of the limitations on the prac- 
tical value of the results, it is thought 
that they are worthwhile from the aca- 
demic viewpoint alone. A theoretical 
survey is given, with definite proofs, of 
what can and cannot be done by varying 
both elements on each end of a uniform 
ladder network. 


Appendix | 


It is well known that only three of the 
four parameters of a 4-terminal network are 
independent and that when the network is 
symmetrical, only two are independent. 
The relation among them is well known’ be- 
ing, in our notation, 


A’—1=BCo? (22) 


This is true for any symmetrical 4-terminal 
network, so the notation is perfectly general 
within that limitation. Expressing each 
side as a series in a? and carrying out the 
indicated multiplications give 


do? —1+2a;a0a?+ (ay?+ 2aoa2) a*+ ae 
=boCya?+ (b1Co+61b9) a*. os 


Coefficients of like powers of a must be 
identical on the two sides so 


(23) 


a)?=1 (24a) 
20109 = doce (24b) 
Q12+ 2apde = b16p + C109 (24c) 
from which is obtained 

a=1 (25a) 
a ee (25b) 
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Zrand Y,7 each can have any form, — 


! 


4 


These are generalizations of previous results 


making them applicable to any symmetrical 
network. It is seen that if b)>=co=1 and 
equations 25a-25b are substituted in equa- 
tion 24c, the desired result, equation 11, 
is obtained. Equation 9 gives the neces- 
sary values for by and cy for the case under 
consideration. 


Ane ona la 


From a rearrangement of equation 14, one 
may write 


“Foil Pca ie io Dnbie 
es 2M? (2M2—1)2 


14+ (26) 
The radical obeys the inequality 
ele M4 
2(2M?—1)2 2(2M?—1)4 
M2 M? 
ee ae (27) 
(2M?—1)? 2(2M?—1)2 


as will now be proved. The right-hand in- 
equality is evident since the upper bound 
indicated is obtained if M4/4(2M? — 1)! is 
added under the radical to form a perfect 
square. The writing of the proof for the 
left-hand half will be simplified if the letter 
W is used for the quantity M/(2M? — 1). 
Wis greater than Wand W8, because W is 
less than unity, so the following inequality 
may be formed: 


Ww?2 Ww 2 38W4 ws ws 
1—-———— ) =1—w?--_4—_4— 
( 2 ) on Sele 
4 4 4 

44 pee 

2 tied 

=1-W? (28) 


which is equivalent. to the left-hand half of 
relation 27. The combination of formulas 
26 and 27 yields a form which readily re- 
duces to 

1 M2 


~ 2(2M*—1)  2(2M2—1)3 


<6h<1— (29) 


2(2M?—1) 


This is still too complex to be useful as an 
estimate, but it may be simplified by using 
the relations 


1 1\ 7M? 
2M?—1 -2( ant) 22a 1 -2) 10 
2 Sa A 


and 


ae" 1\2 
(2M?—1)*=21( M?— 5) 22 me—- 


1\? 49144 
zonu( 2) _ 49M! 


which are true when M22. Using these, 
and the relation 2M?—1<2M?, appropri- 
ately in inequality 29 we get 
4 8M? 
14M? 98M 


<6b,<1— (31) 


4M? 
Relation 15 follows directly from this. 
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Appendix Ta 


The results of A peanuts II, the fact that 
bi=a, and the simple form for q given in 
Rf 1-2p, 

Without giving 


equation 12b allow estimates of p an 
to be obtained with ease. 
the details of the algebra, it is found that 


—18/49 M3—1/4 
ee ee SO <r 32a 
Went 1—2p iP (32a) 
and 
31/98 Se See ee 3/8 (32b) 
M?*—-1 M?—1 


For convenient usage in the subsequent 
work, these may be replaced by the in- 
equalities 


M?— 


—2p0< 33a 
Woiak nt ee 
and 
3/10 ae 3/8 (33b) 
M?—1 M?-1 
which are nearly as good. 
Now consider the formula for a,. From 


equations 4a—4c it is obvious that c’,~1= 
2da'y, which may be used to simplify the 
expression for a, to 


ay =a’x(1 — 2p)®—"1 + Q(X —1)] (34) 


When \=2, this reduces to a, =a’,(1-4?), 
which reduces to relation 18 when bounds of 
p are taken from inequality 33b. A general 
estimate may be obtained for \=3 by using 
both parts of relation 33 and whichever 
value of \ (8 or M) enhances the limit in 
question. This procedure yields inequality 
19a. 

Proceeding to the derivation of inequality 
19b, we find complication because of the 
complexity of the expression for 6,. From 
equations 4a—4c, it follows that a’,=b’, X 
(2\-+1)(2M?)/(2M?+r), and c’y»-1.=b'»X 
(2d) (2A+1)(2M*)/(2M2+ 2). These, when 
substituted in equation 8b, yield 


by =b'n(1 =29)1) (1 —2p)?+ [0?(24+1) X 


(2X) +2p(1 —2p)(24+1)] 


2M2 
2M?+ t =) 


An upper bound of 6) will first be found. 
The first term in the brackets is positive and 
the second is negative. This necessitates 
the use of upper bounds for all components 
of the former and lower bounds for all com- 
ponents of the latter. Since 2M?/(2M?+) 
is a factor of each, it is subject to this general 
statement in its two roles as a multiplier. 
Satisfactory upper and lower bounds for 
—p, p*, and 1—2p are given in relations 33. 
When 2M?/(2M*+ ) multiplies the first 
term, it may be replaced by 1, while in the 
other case it may be replaced by the lower 
bound M/(M-+1). Also (2\+1)(2d) is 
less than (2M-+1)(2M), and (2\+1)25 if 
A422. Omitting the details of the algebra, 
it is found that 

(M?2—1/4)*"} 
ea 


15M? 
(M2—1 erie 


16 
105M 
si a 
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by <b’ = 2M?— 


The upper bound i is treated in a 

fashion. When \22, the qi 
(2) may be replaced by t 
in the other term (2A+1 
by the upper bound (2M 
(2M?+ ) may be replaced by t 
lower bounds 1 and 1/2 in appropriate lo 
tions. Proceeding as before, one bist 
after simplifications, "4 


by (M—2/5)** 3M? 31M? | 
n> Ox a) 4g ae 
38M 499\ 
— +— 38 
8 ae ee? 


When M =4, the expression in the parenthe- — 
ses on the e right i is greater than M*—2M 
2M—1=(M—1)?(M?—-1), which if oe 
stituted cancels partially against the d 


nominator to yield 4 

Z 

M—2/5\*—' v-') | 

b < —-. (39). © 

mo x( Me-1 ) M+1 an r 

Inequalities 37 and 39 combine to give in- : 
equality 19b. 


Recalling the formula for c,, we see that it 
already is taken care of by the estimate of 
1-2p. Relation 19c follows directly. 


Appendix IV 


It is evident from the analysis leading up 
to equation 13 that b; and c, each cannot be © 
equal to 1/6. However, one might suppose 
that b, and c; could be given errors of oppo- 
site sign to make }:+q=1/3. Writing this 
out from equations 8b—8c, we obtain 


1 
p(1—2p) +34 +3 stn) —2p)*+p?+ 


1 1 1 
~(1—2p){ 1-— ) == 
= | x)= 5 (40) 
the solution of which is 
Prat 3.4 41 
aC MP2) (41) 


The indicated imaginary value for p is 
physically impossible using passive elements 
because it must hold over a range of fre- 
quencies. 

Let us now find the condition on p that 
will give a minimum error ina. At sucha 
value the derivative of b:+-c, with respect to 
p will be zero. Differentiating the left side 
of equation 40 and setting the result equal 
to zero give, after reduction, 


Qp/ 1 
"(i-1)=0 


Since M=1 never occurs, the solution is p= 
0. Itis evident, since there is only one root 
and since the error can never be zero, that 


(42) 
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_ scribed in the text. 


spectively, of Z'7 and Y’r. 


re | 
a i 


this corresponds to a minimum and not a 


maximum error. g 


. Appendix V 


The analysis for the changing of two ele- 
ments on each end of the network will pro- 


_ ceed with reference to the circuit of Figure 4. 
_ This is built up by starting with the mid- 


shunt terminated network between lines 


q P-P, with a subsequent double application 


of the modification principle already. de- 
The original network 
has a total impedance and admittance, re- 
We first add a 
shunt element of magnitude BY7*, where 
Y7* will indicate the new total admittance. 
The transformation, in similarity with equa- 
tions 5a—5d, involves the quantities 


a* =VZ7*Vr* (43a) 
Z'7=Zr* (43b) 
Y'’p =(1—28) Yr* (43¢) 
«! =a*s/1—28 (43d) 


As has been pointed outin the text, equations 
8a-8c will give the coefficients for the new 
circuit if the equations for 6, and cy, are 
interchanged, due attention being given to 
differences in notation. Specifically, a», 
by, and cy, become, respectively, an*, cr*, 
and by*, while a’), b’y, and c’) still are given 
by equations 4a—4c. The circuit between 


' the lines Q-Q is then in a condition to re- 


ceive a series element on each end, giving 
it the appearance of a modified mid-series 
terminated network. Let the added ele- 
ment on each end be oZ7, and let the follow- 
ing additional notational changes take 
place: 


a=V Zr¥r (44a) 
Bert 26) (44b) 
Yr*=YVpr (44¢) 
ie aN) 1 on (44d) 


Equations 8a-8c again may be applied, this 
time as they stand, with a’, b’y, and c’» 
replaced by the corresponding starred co- 
efficients. Thus, unprimed coefficients ap- 
ply to the over-all circuit of Figure 4. For 
simplicity of notation, M-1 will be replaced 
by N unti! the results are achieved. It will 
be necessary to consider only the four co- 
efficients bo, b:, co, and ¢, which, as derived 
by the foregoing plan of action, are 


bp = 20a0* + by* (1 —2c) =] 
by =2o0(1 —2c)a,*+(1 —2c)2b,*+07C* 


(45a) 


=o(1—20)+(1—20)?(1—28)c'i +o? (45b) 
co=6o*=1 (45c) 
q= (1 —20)c,* 
= (1—2)[28a’)(1—28) + 
b’1(1—28)?+-c'08?] (45d) 


The simplifications which already have been 
included in the writing of these equations 
come from the facts that ao*=bo*=co*=1, 
and a,*=1/2, in similarity with equations 9 
and 10. Since the correctness of bp and & 
assures the correctness of ai, as before, our 
attention may be confined to 0; and a. 
The algebraic work may be expedited by 
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changing the notation to 


x=1—-26 
y=1—2¢ 


(46a) 
(46b) 


The reduced formulas for 6; and q are ob- 
tained by taking a’, 6/1, c’o, and c’; from 
equations 4a—4c, with M replaced by JN. 
This gives 


Pe a ded ay 
1S 4 Ree a) aTa} 
a-[i-z eeN me 
ig ts ey ha G7) 


We first will see if bi and ¢c, each can be 


made equal to 1/6, or at least if their sum 
can be 1/3 so that a2 will be correct. Ac- 
cordingly, assume b; =1/6+€ and a =1/6— 
€, which represents both conditions, since € 


QP P 
Zo Ze bi1-w 
627 M-1 -| 627 
Ce ae ae b Sa 
RYT BYT 
, \ 7 
Yr Yt Yt 
2M-2 M-l 2M-2 


Figure 4. Two-element modification 


may be zero. The result of these substitu- 
tions and the subsequent combination of 
equations 47a-47b is a quadratic in €, as 
follows: 


144Ge?+ (12 F—48G)e+ (4G — F) =0 (48) 
where 

1 
o=cwn,2=3-2( 1-55) (49a) 


2 
F=F(N, %) -9-0(1- r4(1 -+) Ne 


(49b) 


The discriminant of equation 48 is easily 
computed to be 144F(F—4G). It must be 
positive if a real solution is possible, so we 
are interested in 


Na \ (Nea 
pasge( MoE) MP0 


N? N? 
3N? N?-1 
8h] = Tae H(N, x) (50) 


Before investigating the positiveness of 
H(N, x), it should be noted that to have a 
physically realizable circuit it is necessary 
that —1/2(N—1)<B<1/2. Outside of this 
range the end shunt elements either would 
vanish completely, thus changing thenumber 
of network sections, or would be greater 
than half the total admittance. The corre- 
sponding range of x is 0<«<N/(N-1). If 
H(N, x) is computed for N= throughout 
the largest possible range of x, it will be 
found to be everywhere nonpositive. Fur- 
thermore, as may be easily shown, 0HX 
(N,x) /ONis always positive, soH(N, x) is less 
than H(«, x) and is therefore always nega- 
tive in the pertinent range. Thus there is 
no real solution of equation 48, so d; and c 
cannot be real and also have 1/8 as their sum. 


LePage—Ladder Networks 


Following a procedure similar to that used 
in the simpler case, we next investigate 
whether the error in a2 can be made a 
minimum. The total differential of b:+c is 


0b; 0 ob, 0 
dita) = (24 Nic (% +2 \iy 
(51) 


The smallest possible error will occur when 
dx and dy are independent and thus when 
their coefficients are each zero. As may be 
seen easily by carrying out the necessary 


differentiation, equating the coefficient of dx. 


to zero gives 


1 1 
(i — Fa) =0 


from which one obtains the condition y=, 
since N¥1. With the substitution of x for y 
in the derivatives of the coefficient of dy, the 
setting of this equal to zero gives 


(52) 


The N/(N—1) solution gives a value of 8 
which wipes out the shunt element on each 
end and is found to correspond to a maxi- 
mum error. The other solution gives 
B=1/2(N+1). The corresponding com- 
plete end element is Y7[(1-28) /2N+8\= 
Y7/(N+1)=Yr/M. This means that all 
shunt elements will be the same. Also, the 
series element is oZp=6Zr, since y=<%, 
which gives the value Z7/2M, which is a 
mid-series termination. This should have 
been expected, since the case for uniform 
shunt elements has already been treated. 

Now suppose we make b=. This 
makes y and x interdependent, so dy and dx 
in equation 51 are no longer independent. 
Also, since b; and c are to be equal as x and 
y vary, it is only necessary to take the de- 
rivative of one of them. dy/dx may be 
obtained from the implicit function :-—a =0 
as 


dy (0; — 41) /Ox 


a (54) 
dx 0(db1— G1) /OY 
Thus 
db, _Ob: dy dy 
dx ox dy dx 

oH eee 

_ ox \oy Oy oy \0x Ox 

oy oy (55) 


The denominator of equation 55 cannot be 
infinite, so we set the numerator equal to 
zero, giving, after reduction, 


Obi OC1 Oh, O15 


me (56) 

ox OV Oy Ox 
The substitution of the expressions for these 
derivatives gives an equation from which 
y can be eliminated. The remaining equa- 
tion in x is identical with equation 53. 
Thus x = N/(N-+1) is again the solution, but 
of course y is no longer equal to x. It is not 
necessary to compute y because it has been 
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Geometric Mean Distances 


for Rectangular Conductors 


HERBERT B. DWIGHT 
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HE USE of geometric mean distance 

for calculating reactance of parallel 
conductors is increasing, so much so that 
the self geometric mean distance often is 
tabulated in catalogs of heavy conductors 
along with other characteristics, such as 
resistance, current capacity, and weight. 

The logarithm of the geometric mean 
distance between two areas or cross sec- 
tions is defined as the average of the 
logarithms of all possible distances from 
points on one area to those on the other, 
and the logarithm of the self geometric 
mean distance of an area is the average 
of the logarithms of all possible distances 
between two points on the area.! 

The inductance, as computed by the 
geometric mean distance method, is the 
inductance at zero frequency. Metal of 
uniform conductivity, such as copper, is 
taken to have constant current density, or 
more generally, the current in a conduc- 
tor is taken to be proportional to the con- 
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shown that when x has this value the shunt 
elements are all uniform. This means that 
the determining of y is equivalent to the 
finding of p in the problem as originally 
treated. 
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ductance of that conductor, as it would be 
with direct current. 

The self geometric mean distance of an 
area is sometimes called the geometric 
mean radius of the area, although it is 
not a radius nor an average of radii. It is, 
as the definition states, the mean dis- 
tance (geometric, as distinguished from 
arithmetic) of all possible distances be- 
tween two points on the area, and of 
course, most of these are not radii. It 
seems better to use a name which is in 
agreement with the facts of the case, 
rather than one which is practically no 
more convenient and which does not de- 
scribe the quantity truly. 

Formulas for the geometric mean dis- 
tance of geometrical shapes can be ob- 
tained by a process of integration.} 
However, the formula for two rectangles, 
even when the problem is simplified by 


specifying two duplicate rectangles placed 
opposite each other, fills half a page. 
For engineering purposes, curves of react- 
ance values for rectangular conductors 
canbe tused.? See also Tables I-III in a 
paper published in 1929 by Professor F. 
W. Grover.’ 

In this paper are given curves for geo- 
metric mean distance between rectangu- 
lar areas which will give a somewhat more 
direct solution for general types of prob- 
lems, such as those involving polyphase 
circuits or conductors in parallel. 

In circuits or portions of circuits where 
the parallel conductors are not trans- 
posed, the reactive voltage drop in the 
various conductors is different. It may 
be computed by counting flux caused by 
each conductor, up to a certain large 
distance u. In a complete system of 
parallel conductors in the steady state, 
the sum of all the currents is zero, that 
is there is as much return current as 
going current in the group. The quan- 
tity u cancels out as it is associated with 
all of the conductors in turn (see equa- 
tion 2). Therefore, the result is the same, 


Figure 1. Geometric mean distance of rec- 
tangular areas, face-to-face position 
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no matter how large « may be. The cur- 
rents, as well as the conductor arrange- 
ment, may be unbalanced or balanced and 
are in amperes. 

If R, is the resistance per centimeter 
of conductor A of a group of long parallel 
conductors A, B, C,.. ., if Gs4 is its self 
geometric mean distance, if G4z is the 
geometric mean distance of the section of 
A from that of B, and so forth, the volt- 
age drop in conductor A is 


TRatjanf X10- [ts pf 
Gsa 


u u 
Ip loge ——+-I3 loge =— +... 
2 loge Gish 3 loge asks 
volts per centimeter (1) 
where f is the frequency. Putting 
(at+IstIo+...) loge u=0 (2) 


u being a finite constant, although as 
large as desired, we have the reactive volt- 
age drop in conductor A: 


= —jdaf X2.303 X10-*[T4 logic Gsat 
Tz logio Gasp + Ig logio CHigA Boe: J 
volts per centimeter (3) 


or 


= —j0.0529 [T4 logio Gsa +I logo Gast 
To log Gact---] volts per 1,000 
feet at 60 cycles (4) 


Geometric mean distance of rec- 


Figure 2. 
tangular areas, face-to-face position, close 
spacing 


Note that A, B, and C necessarily do 
not mean different phases, but merely 
different conductors. 

Equations 3 and 4 are general formulas 
for the reactive voltage drop in any one of 
a group of long parallel conductors whose 
currents are given. The conductors may 


be of different phases or they may be 


branches in parallel. 

The self geometric mean distance of a 
rectangular sectional area a X b is given 
within 0.13 per cent by the formula 


G,=0.2234(a+b) (5) 


Actually, the numerical term varies from 
0.2231 to 0.2237 for different ratios of a 
to b.4 

The geometric mean distance between 
two equal rectangular areas, placed op- 
posite each other with the sides parallel, 
may be read from the curves shown in 
Figures 1, 2, or 3, depending on the ratios 
of the dimensions. For the use of these 
curves see the examples. 

The geometric mean distance between 
two equal rectangular areas, placed ob- 
liquely and not very close together, may 
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be taken as the distance between their 
centers for a first approximation. The 


percentage error resulting from this pro- 


cedure may be estimated by reference to 
Figures 1 and 3, For instance, if the dis- 
tance between centers of two compara- 
tively thin straps is 1.25 times the strap 
width, then from Figure 1, for the parallel 
plane position, b/s=0.8 and G is five per 
cent greater than s. From Figure 3, for 
the edgewise position, a/s=0.8 and G is 
six per cent less than s, Then for an 
oblique position, with the afore-men- 
tioned distance between centers, the error 
in taking G=s may be expected to be 
numerically less than plus or minus six 
per cent. However, this result does not 
mean six per cent error in reactance, 
since log G is involved. 

In either equation 3 or 4, the distances ” 
Gra; Gap, Gac» - may be all in centime- 
ters or all in inches (or in feet), so long 
as they are allin the same unit. 

When there is complete transposition | 
so that each conductor occupies all the 
positions in succession to an equal extent, 
the geometric mean distance method may 
be extended to give a convenient calcula- 
tion for the average voltage drop. For 
this calculation, values of geometric mean 
distance of rectangles taken from Figures 
1, 2, and 3 are useful, as well as in prob- 
lems where equations 3 and 4 are used. 

Precise values of loge geometric mean 
distance are given for equal squares in 
many relative positions. By combining 
these squares into rectangles of various 
shapes and positions, the precise value of 
the logarithm of the geometric mean dis- 
tance was computed for a considerable 
number of cases of rectangles opposite 
each other. From these determinations 
and from values of G,; (equation 5), react- 
ance values in micro-ohms per foot at 60 
cycles were obtained. Formulas for in- 
finitely thin rectangular conductors, that 
is for b/a=0 and a/b=0, are given* and 
curves of reactance values were plotted.’ 

In the present paper, instead of values 
of loop reactance, values of the geometric 
mean distances themselves are plotted. 
Their use has been described and is illus- 
trated in the examples. For these curves 
a number of additional values have been 
determined. 


Example 1 


Find the reactive voltage drop in a 
single-phase ventilated bus bar circuit 
made up of four straps of size 1/8 by 3 
inches, side by side in vertical planes. 
Each bus bar consists of two straps at 1/2 
inch centers. The distance between cen- 
ters of bus bars is 21/2 inches. The cur- 
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rent of the circuit is 900 amperes, 60 
cycles. 

Let the four straps be called A, B, C, 
and D. Then the center-to-center dis- 
tance from A to B is 1/,inch, 2 inches from 
Bto C, and }/,inch from Cto D, A and 
B are connected in parallel. Neglecting 
circulating currents, A and B will each 
carry +450 amperes, and C and D each 
—450 amperes. 

For computing the voltage drop in A 
by equation 4, using logarithms to base 
16, 


G, = 0.2234 X3.125 =0.698 inch 
log 0.698 =1.8439 = —0.1561 


For Gap; 
s/b=0.5/3 =0.167, b/a=24 
From Figure 2, 


Gap =0.343 X3.0 = 1.029 
log 1.029 =0.01242 


For Gac; 
b/s =3/2.5=1.20 
From Figure 1, 


Gac=1.101 X2.5 =2.752 
log 2.752 =0.4396 


Alternatively, by Figure 2, 
Gac=0.917 X3=2.751 
Similarly, 


log Gap =0.508 
I, log G;=450 X (—0.1561) = — 70 
Tz log G4p=450 X0.01242 = +6 
Ig log Gag= —450X0.489= —198 
Tp log Gap= —450 X0.508= —228 
—496+6 
—496+6 = —490 


By equation 4, the reactive drop in A 
for 70 feet is 


j 0.0529 X 490 X0.070 =] 1.81 volts 


In a similar way, the drop in B is found 
to be 


—j 0.0529 X0.070( —70+6 — 163 — 198) 
=] 1.57 volts 


The difference in these computed volt- 
age dropsin A and B may be said toresult 
in an unbalance of current, which may 
be computed if desired. 

The result of this problem agrees with 
the results of previously computed prob- 
lems.? 


Example 2 


Find the reactive drop in each conduc- 
tor of a 3-phase circuit consisting of 
three rectangular conductors (one con- 
ductor per phase) in parallel planes, the 
distance between centers being 11/, 
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Figure 3. Geometric 
mean distance of 
rectangular = areas, 
edgewise position 


inches. The conductors are 1/43 inches 
and each is 100 feet long. The current is 
750 amperes, 60 cycles. 

Let the three conductors be called A, B, 
and C, and let 


I,=750 amperes 
I3=750(—0.5+7 0.866) amperes 
I¢=750(—0.5—j 0.866) amperes 


By equation 5, 


G;=0.2234 (0.25+3) =0.726 inch 
log 0.726 =1.8609 = —0.1391, omitting the 
subscript 10 in logio 


For Gap, 
s/b=1.5/3=0.5, b/a=12 
From Figure 2, 


Gap =0.616 X3.0 =1.848 inches 
log 1.848 =0.2667 


For Gac, 
b/s=3/3=1, b/a=12 
From Figure 1, 


Gac=1.072 X3.0=3.216 inches 
log 3.216 =0.5073 


I4 log G;=750(—0.1891)  =—104 
Ty log Gap =(—375+j650) X 
0.2667 = —100+j173 
To log Gag =(—375—j650) X 
0.5073 = —190—j330 
—394—j157 


By equation 4, the reactive drop in A for 
100 feet is 


—j 0.0529 X0.10(—394 —7157) = —0.83+- 
j2.09 volts =2.24 volts 
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For the reactive drop in conductor B, 
Tz log Gy=(—375+ 7650) X 


(—0.1391) = 52-7 90 
I¢ log Ggc= (—375—j650) x 
0.2667 =—100—j173 
I4 log G4p=750X0.2667 = 200 
152—j263 


By equation 4, the reactive drop in B is 


—j 0.0529 X0.10(152 —j263) 
= —1.40—j 0.81 =1.62 volts 


The reactive drop in conductor C has the 

same numerical value, 2.24 volts, as in A. 
The result of this problem agrees with 

already proved similar problems.? 

It is a little more straightforward to 
use geometric mean distances and equa- 
tion 4 as in this paper, than to rearrange 
the problem so as to use reactance values 
of single loops. The geometric mean dis- 
tance method is applicable also to a wide 
range of reactance problems. 
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‘Synopsis: This paper illustrates the ad- 
vantages of the frequency response approach 
_to the analysis of automatic control systems, 
as contrasted to the analytic solution of 
_ transient responses. At the same time the 
equivalence of information available from 
the two approaches is demonstrated. A 
numerical example is given based upon a 
torque amplifier using a motor-generator 
type control. 


ENE 


a 


aah ab 


ae 


Ee HE purpose of this paper is to show 
a how the concept of frequency re- 
_ sponse is being applied analytically and 
oa 


¥ 


_, experimentally in the design of automatic 
_’ control systems such as servomechanisms. 
_ This concept long has been used in the 
radio and telephone arts to express the 
fidelity of response of equipment, and as a 
result a considerable background of 
established mathematics and _ experi- 
“mental procedure has been made avail- 
able to instrument and automatic control 
engineers. 
A transient analysis of the response of 
an automatic control to some standard 
_ type of disturbance is an accepted pro- 
cedure, but with the more complex sys- 
tems it becomes unwieldy, and useful de- 
sign criteria become increasingly difficult 
to develop. A frequency analysis based 
on the mathematics of the Fourier series 
and the Fourier integral provides informa- 
tion equivalent to the transient analysis 
but with much less calculation and with 
more easily interpretable results. This 
paper will show this equivalence and the 
mathematical procedures involved in the 
design of a servomechanism. 


Typical Servomechanisms 


A servomechanism is a system in which 
some variable quantity is controlled to 
follow a definite function of some other 
varying quantity. Typical servomecha- 
nisms are 


1. Aself-balancing potentiometer! in which 
the controlled variable is the mechanical 
position of the pen and slide wire, and the 
desired position is proportional to the vary- 
ing quantity, namely the voltage under 
measurement. 


2. Amachine tool pattern follower for which 
the controlled variable is the tool position, 
and the desired position is proportional to 
the varying shape of the pattern as the tool 
moves along. 
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3. A data transmission system? which re- 
produces a mechanical motion at a remote 
point, often with greatly increased force. 


4, A highly degenerative feed-back ampli- 
fier’ in which the output voltage faithfully 
reproduces a varying input voltage. The 
recognition of the similarity between servo- 
mechanisms and feed-back amplifiers makes 
available to the automatic control engineer 
many valuable analytical tools developed 
by communication engineers. : 
ERROR 
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Figure 1. Torque amplifier 


Figure 1 is a block schematic of the 
components of a torque amplifier which 
reproduces the motion of the input shaft 
and drives a heavy load, without placing 
any appreciable load on the input shaft. 
The load is driven by a motor controlled 
by a signal or motion from a device which 
measures the difference or error between 
the input and output shafts. This error- 
measuring device is the only load on the 
input shaft and may be made quite light. 
All of the examples listed are similar in 
that they all comprise an input, an output, 
an error-measuring device, an amplifier, 
and a power unit which drives the load to 
bring the error to zero. 


The Transient Analysis 


All systems which take the form of a 
closed loop as in Figure 1 have a tendency 
to be unstable and hunt, or at least to 
perform damped oscillations about their 
zero etror position. The first problem in 
proper servomechanism design is to 
minimize these oscillations after any 
transient disturbance. The second prob- 
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lem of proper design is to minimize 
errors which occur under steady condi- 
tions, such as a constant velocity or 
acceleration motion of the input shaft, 
and errors caused by the loads on the out- 
put shaft. Usually the solution must be 
a compromise between the best solutions 
for these two problems. 

One procedure for studying the oscil- — 
latory character of a system analytically 
is to assume a motion for the input and — 
then calculate the resultant transient 
response of the output. A typical input 
is a suddenly applied constant velocity as 
is shown in Figure 2 along with a typical 
resulting output motion. 

With the assumption that the system is 
linear over the region under investigation, 
any one of several classical, operational, 
or transform methods‘ for solving linear 
differential equations with constant co- 
efficients may be used for calculating such 
a transient response. Whatever method 
is used, there are four essential steps in 
the solution. 

1. The differential equations for the system 
are set up. 


2. The characteristic equation of the above 
set is obtained. This equation has the form 


anp"+an-1P Toss -apt+a=0 


in which the coefficients contain the various 
parameters of the system, such as amplifier 
gain, inertia, friction, and circuit constants. 


8. The characteristic equation is solved for 
its roots. The roots will be real or in con- 
jugate complex pairs. pra=on+jon 


4. The final solution contains a term of the 
form Ae% cos (wt-++a) for each complex root, 
an exponential term for each real root, 
and a particular solution which depends on 
the input motion. The coefficients A and 
phase angles a will depend upon the initial 
conditions of the system. 


In this solution the rate of decay of the - 
oscillatory terms is determined by the real 
parts of the complex roots, namely the 
g,'s. If these are large and negative, the 
oscillations will damp quickly. If one is 
small, then the damping will be slow. If 
any one is positive, the system will be 
unstable and oscillations will increase. 


Go, % 


TIME 
Figure 2. Transient response to an input 
velocity 
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cee vie then only by such jabaribus: 
calculations that an engineer often cannot 
afford the necessary time. This situation 
is accentuated by the fact that even after 


a solution is found there is often no feasi- 
ble way to tell what parameters must be | 


changed to improve the system because 
the system parameters are so completely 
intermixed in the coefficients a,. A later 
illustration will bring out this point. 


Stability Criteria 


Instead of solving the characteristic 
equation, a compromise often is resorted 
to which merely tells whether the system 
is stable or unstable. Hurwitz or Routh 
criteria* when applied to the coefficients a, 
will tell whether there are any roots with 
positive real parts. This may be an un- 
satisfactory compromise, since many 
stable systems damp very slowly and the 
stability criteria do not show what 
changes are needed for improvement. 


The System Transfer Function 


The frequency response method of 
analysis eliminates the necessity for solv- 


suse 
18 
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ANGULAR FREQUENCY 


ing the characteristic equation and brings 
out with great clarity the effect of each 
parameter on the performance of the sys- 
tem. For this method to be valuable, it 
is necessary to show first that the obtain- 
able results give information which is at 
least roughly equivalent to that obtained 
from a transient solution. 

Consider the input and output motions 
as shown in Figure 2. The transient 
completely dies out after a certain period 
of time, and if a new similar disturbance is 
introduced after this time, the response 
will repeat. This may be repeated again 
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which is a component of the inpu i 
there is a term of the same frequency 


the motions nee ee approximat a 
trarily closely. os 
Corresponding to each sinuso 


which is a component of the output mo- 
tion. The two corresponding terms at 


each frequency will differ in amplitude 
and in phase angle between the input and 


the output. The ratio of the output am- 
plitude to the input amplitude is known 
as the magnitude of the system transfer 
function, and since it is a function of fre- 
quency, it may be plotted as in Figure 4. 
Similarly, the difference of the input and 
output phase angles is called the phase of 
the transfer function and may be plotted 
also as in Figure 4. 

Since all the input frequency compo- 
nents add together to form the input 
transient and all the output components 
add together to form the output transient, 
the transfer function which tells how these 
components are modified must contain all 
the information available from the system 
differential equation. The proper inter- 
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Figure 3 (above). Response to a periodic input 


Figure 4 (left). System transfer functions 


Figure 5 (right). Response to a unit step input 


pretation of curves such as those in Figure 
4 will yield this information. This inter- 
pretation is discussed immediately follow- 
ing, while the calculating procedure is de- 
ferred until later. 


Interpretation of the Transfer 
Function 


The ideal transfer function from the 
standpoint of perfect following of the in- 
put would be one which does not in any 
way change the components. This would 
occur with a magnitude of unity and a 
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can es pase te ne fre exp S e 
systems of similar applic stots it 
also true of any sp D 
damping for a fasion response 
transmission systems such . 
scribed below, a peak of about 1.2. 
maximum value for high performance 
tems, but peaks as high as 1. myo aes 
acceptable. 
“i aah, i? . 
2. The higher Preaesicia always are at- 
tenuated; that is, the magnitude of © 
transfer function approaches zero as th e 
frequency is increased. This results in the 
output being more or less sluggish and less. 
harp than the input motion. This is illus- — 
trated by curves I and IV of Figures 4 and 5. 
The system which passes more of the high 
frequencies has the faster motion. Two 
se ri which have exactly the same form — 
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of transfer function but with different fre- 
quency scales will have exactly the same 
form of transient response but with a time 
scale which is inverse to the frequency scale. 
Thus, by doubling the frequency response of 
a system the transient response time is 
halved. 

Another aspect of the frequency band- 
width concept is that the usual input mo- 
tions predominate in low frequencies. For 
example, even in the unattainable periodic 
square wave of position in which the input 
periodically jumps forward a certain amount 
and then back, the amplitude of the fre- 
quency components drops off as 1/w. Fora 
periodically positive and negative velocity 
which is less sharp, the amplitudes drop off 
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as L/e?, ‘and for a periodically positive and 
egative acceleration, the amplitudes are 
proportional to 1/w3, oe 

Since most input motions predominate i in 
the low frequencies, more attention should 
be paid to the behavior of the transfer func- 
tion at low frequencies. As an example, a 
5 resonance peak at a high frequency accept- 
ably may be somewhat greater than a peak 
vat a low frequency, since it is less likely to 
be excited. Similarly, it is preferable to 
have a good phase function, as discussed 
_ below, at low frequencies rather than high 
ones if a choice must be made. 
_ Sometimes it is desirable to use a servo- 
mechanism as a filter to remove from the 
- output motion certain bands of frequencies 
which are present in the input. A common 
ete: removes high frequency noise from the 

input, and this then determines the band of 
_ frequency response. 


3. The phase characteristics as in Figure 4 
_also carry information concerning the re- 
= sponse of a system, since the phase lag may 
_ be considered as a time delay for each com- 

ponent. In general, the best response is 
é obtained with a system which has the least 
phase lag in the transfer function, particu- 
larly at the lower frequencies. 

One important phase characteristic to 
recognize is the case for which the phase lag 
is proportional to frequency. In this case, 
_ since each component will be delayed by a 
time, 


. ans 


phase lag in radians 


meg tig at Se 
© angular frequency in radians per second 


- all components will be delayed equally, and 
therefore the complete transient response 
will be delayed by a time f). A special case 
of this occurs when the servomechanism is 

_ following a constant velocity input at speed 
n; then the lag in following, after transients 
have died out, will be (ntp) where tp is the 
slope of the phase curve near zero frequency. 

While it is often convenient to consider 
the phase functions in the interpretation of 
the transfer function, it is not absolutely 
necessary since there is a definite relation- 
ship between the phase and magnitude func- 
tions, as later discussion will show. 


Electrical Torque Amplifier 


While these criteria for good frequency 
response are quite qualitative in nature, 
they do provide a basis for the comparison 
of servomechanisms, and, more impor- 
tant, they provide a powerful aid in think- 

_ing about the various factors that can 
produce stability or instability in a sys- 
tem. This will be illustrated by an 
analysis of the torque amplifier of Figure 
1, which is detailed in Figure 6. 

The motor drive for the torque ampli- 
fier consists of a d-c motor and a con- 
trollable motor generator set. The ser- 
vomotor has a constant field excitation 
and its armature voltage is supplied from 

_ the motor generator set. The generator 
is driven at constant speed, and its fields 
are in the output circuit of an amplifier 
which varies the excitation and therefore 
the generated voltage. 


AUGUST-SEPTEMBER 1946, VOLUME 65 


hs ti te ,¥ [tah Py a . ) ; _ “d 


The amplifier is of the d-c type and 
has a push-pull output stage arranged 
so that the field flux is proportional 


-to the output unbalance, which in turn 


is proportional to the input. Induct- 
ance in the field circuit prevents a sudden 
change in input voltage from producing a 
sudden change in field flux. This in- 
ductance and the consequent delay will 
have an effect on the stability of the sys- 
tem. 

A network, often called a lead or de- 
rivative network, is included in the 
amplifier circuit for the purpose of stabi- 
lizing the system and improving its re- 
sponse, as later analysis will show. 

The device for measuring the error be- 


. 
\ 


tween the input and output may, for 

example, be a reluctance type of bridge 
which provides an alternating voltage 
proportional to the error without placing 
an appreciable load on the input shaft. 
A direct voltage is obtained proportional 
to the error by means of a phase-sensitive 
detector, and a simple RC type filter is 
included to filter the detector output. 
The filter also will have an effect on the 
servo stability. 


Analytical Derivation of the System 
Transfer Function | 


The most straightforward, but a tedi- 
ous, procedure for the calculation of the 
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Figure 6. Torque amplifier 


69/04 = Output and input positions in radians 
e=6;—09=error or deviation in radians 
V,, Vo, Vs, Vs, Vs=direct voltages as shown in 


figure 
V; V; Vs 
Kas, Kira Kao, amplification or at- 


tenuation ratios 


R, C=filter element values 

B, =RC=filter time constant 

Ri, Ro, Cr=stabilizing network element values 
AE eras network time constant 


B, =A, —~ =stabilizing network delay 


eae 
time constant 
Ry, w= output tube plate resistance and ampli- 
fication factor 
Ly, Rr, dy=servo generator control field in- 
ductance, resistance, and flux 


B; = 


wpa generator control field 
time constant 

E,, Iq =armature circuit-generated voltage and 

current 

T=Krlq=servomotor torque 

J=servomotor plus load inertia 

f=servomotor plus load viscous friction 

g=elfective viscous drag caused by motor 

back electromotive force 
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transfer function is summarized as fol- 
lows: 


1. Set up the linear differential equations 
for the system. 


2. Replace each derivative dx/dt by px and 
each integral fxdt by x/p just as in the 
transient solution and then solve the re- 
sulting set of simultaneous equations for the 
output-to-input ratio. For the system de- 
tailed in Figure 6 and with symbols given in 
the accompanying list, this expression comes 
out as 


9 = K(1+Ao2p) 
; K+)p(K4A.+f+g)+p?(/J+ 
(f+g) (Bit B.+Bs) 1+ p3[J(Bi+t 
B,+Bs)+(f+g) (B:B2+ BeBs+ 
B3B,) |+p1[J(B1B2+ B2B3+BsBi) + 
(f+g) (Bi B2Bs) ]+p°(JBiB2Bs) 
(1) 


The denominator of this expression becomes 
the characteristic equation for the system. 
This is a fifth order equation which only can 
be solved numerically, and it illustrates the 
intricate interdependence of parameters 
which result from this approach. Since it is 
to serve only as an illustration and not for 
calculation, the detailed derivation is not 
given. 


3. Substitute p=jw. 
equation 


This results in the 
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8 K (1+jwAs) 
= (K—o*[J+(f+e)(Bit B+ 
a B;)|]+o4[J(B:B2+BoBs+ ¢ + 
B3Bi) + (f+g) (Bi B2Bs) | 
(KA2+f+g)—o?|J(Bit 


Bo+ Bs) +(f+g)(BiBe+ (2) 
B.B3 +B3B,) ]+4JB,B2B; 


This expression is known as the system 
response transfer function, and from it the 
magnitude and phase angle may be deter- 
mined by the usual manipulations with 
complex numbers. Thus 


89 _RytjXn 
6; RptjXxXp 
where the R’s and X’s are all real functions 


of the angular frequency w =2zf. 
The magnitude of 6,/6; is 


Ges 


(3) 


2 2 
aM Butt Xx8 (4a) 
V Ry + Xp 
The phase angle of @,/6; is 
x xX 
¢=tan-! (F2)-tm (2) (4b) 


M and ¢ may be calculated by equations 4a- 
4b for particular parameter values to obtain 
plots such as in Figure 4. This analysis has 
eliminated the necessity for the solution of 
the characteristic equation, but the param- 
eters still are intermixed so completely 
that interpretation is difficult. 


The Loop Transfer Function 


A second and simpler approach to the sys- 
tem transfer function is through the use of 
an auxiliary transfer function which leaves 
most of the system parameters independent. 
The type of automatic control under dis- 
cussion is based upon the use of an error 
signal which is the difference between the 
input and output motions, 


€=0;—6 =error (5) 


This expression yields 


on (é (6) 
(°) 


Equation 6 is of basic importance, since 
it states that the complex system transfer 
function may be expressed in terms of an 
auxiliary complex transfer function 0,/e, 
which may be called the loop transfer 
function. It will be shown that the loop 
transfer function is simpler to derive and 
interpret than the system function, and a 
geometrical evaluation of equation 6 can 
be used. The term “loop transfer func- 
tion” is borrowed from feed-back amplifier 
terminology,’ and the similarity of 0,/e 
to the often quoted wf characteristic is 
apparent, 

Reference to Figure 6 indicates that be- 
tween the output 0, and the error e there 
is a series of separate component circuits 
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Figure 7. Loop transfer 
functions 


each with its own transfer function. 
Physically it is understandable that the 
magnitude of the resultant transfer func- 
tion 6,/e should be equal to the product of 
the magnitudes of the component transfer 
functions. Similarly, the resultant phase 
angle should be the sum of the component 
phase angles. This method of combina- 
tion is also a property of the multiplica- 
tion of complex numbers, so that the 
following equation may be written: 

Bo Va Ms Ve Ve does Es oe ee 


é é VV, Vz Vi Vs Ty or jan Iq af 
(7) 


in which each transfer function is a com- 
plex number. 

The next step is to calculate all the 
individual transfer functions for substitu- 
tion in equation 7. This step requires 
only simple electrical circuit theory. 

For the filter, 


VV: 1 1 
1 Ve Ky. 
1+joB, 


For the stabilizing network, 


(8) 


Figure 8. Loci of constant magnitude M on 
the 6,/e complex plane 
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Vz Vs R2 
— -— = K we 
V2 Vs = Rick Bee 
1+70RiG, a Bz 1+jwAs 
Rs "Az 1+joB. (9) 
Rit+R2 
For the generator field current, 
Vs Jy B 
<0 er ae 
Vi Vs Ry t+Ryt+joLly 
7 1 


1 +joR,; Cy ss 


ie 5 ey 
Reb Ry ra i, 
4 RL ER 


sc Mg eat ak (10) 
Ry+Ry 1+jwBs 


For the generated voltage, 
(11) 


a constant which depends upon the gener- 
ator design. 

The terms of equation 7 between the 
generated voltage and the output motion 
cannot be separated into a series of indi- 
vidual transfer functions, since there is an 


we) 
SOY 


Figure 9. Loci of constant phase ¢ for 0,/0, 
on the 6,/e complex plane 
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interaction between the output motion 
and the armature current caused by the 


back electromotive force of the motor. 


The following three equations specify this 


interaction: 


d05 
IgRatKm— = 
| a on dt Jira 


T=torque= Kf 


Pe settin es ae 2 and 
—=qwand — = —-wW an 
poland yap mae de 
combining the three equations: 
Kr 
Go _ Ra (12) 
Ey —&J+jo(f+s) 
where 
. KyKxy 
Lam 


Ra 


Finally, for the loop transfer function, 
the combination of equations 8-12 into 
equation 7 yields 


Vor K 1+jwAs 
(1+jwB)) -(1+joBe) xX 


(13) 


where the A’s and B’s all have the dimen- 
sions of time, and the K lumps together 
all of the gain constants in the loop 


Bo Kz; K 
Rai Ky Se an 
MRR R, 


Relation Between the Loop and 
System Transfer Functions 


When equation 13 is introduced into 
equation 6, the system transfer function 
of equation 2 results. For the graphical 
interpretation of the relationship 6 be- 
tween the loop and system transfer func- 
tions, it is desirable to plot the loop 
transfer function in a different manner, 
on polar co-ordinates. At any one fre- 
quency the transfer function has a magni- 
tude and an angle which entirely specify 
a point on polar co-ordinates. As the 
frequency varies, the point will move and 
the resultant locus of points is the plot of 
the transfer function. Several such loci 
are shown in Figure 7 with the frequencies 
shown as numbers along each curve. 

On the polar co-ordinate system on 
which these loop transfer functions are 
plotted, there must be a locus of points 
which all result in the same magnitude of 
system transfer function. These loci are 
the circles shown in Figure 8 for several 
different magnitudes. If any frequency 
point of 0,/e falls on one of these circles, 
then the magnitude of the system transfer 


1 


is determined by the value of M for that 
curve. Similarly, there are a series of 


equal phase angle curves ¢ as shown in 


Figure 9. 

The fact that these loci are circles is 
based upon the representation of 6,/e asa 
vector from the origin and 1+(6,/e) asa 
vector to the same point from —1. Then 
M=(6,/0;|, according to equation 6, is the 
ratio of these two distances, and by a 
geometrical theorem the loci of constant 


‘M are circles of radii M(1—M?)— at 


centers M?2(1—M?)—. Similarly, the an- 
gle ¢ is the difference between the angles 
of the two vectors, and the loci of con- 
stant ¢ are circles of radii 1/2 lcosec ¢| at 
centers —!/2+ 71/2 cot . 

The similarly numbered curves of Fig- 
ure 7 and those of Figures 4 and 5 corre- 
spond to the same system. Asanexample 
of this method of calculation, consider the 
point A at w=10 for the loop transfer 
function II in Figure 7. This point falls 
on Figures 8 and 9 as shown and corre- 
sponds to M=1.08 and ¢=—17°. These 
values then appear on Figure 4 for the 
same frequency. With sufficient experi- 
ence with this sort of calculation, it is no 
longer necessary always to plot the system 
transfer functions, and the engineer easily 
can interpret the characteristics of a 
system directly from the loop transfer 
functions of Figure 7. 

If the loop transfer function falls in the 
neighborhood of the (—1) point, the 
resonance of the system becomes very 
high. Loci near the negative imaginary 
axis will not have resonance peaks. Also, 
for all large values of 0,/e, the magnitude 
of 6,/6;, will be near unity and the phase 
angle will be near zero. 


The Torque Amplifier Loop Transfer 
Function 


To obtain an understanding of the 
effect of each component network on a 
system, it is often desirable to study first 
a system with only the most important 
components and then gradually add the 
less important components. For the 
torque amplifier system of Figure 6, all 
the delays and the stabilizing network 
may be neglected at first, and the simpli- 
fied loop transfer function 


eth a Rawal ie ae 
e —wJ+ju(f+g) 
may be studied. 


Typical parameter values for a 0.1 
horsepower system are 


(13) 


J =0.005-inch-ounces torque for one radian 
per second? acceleration of the motor. 

(f+g) =0.125-inch-ounces torque for one 
radian per second velocity of the motor. 
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The value of K is determined by the 
amplification of the system. Experi- 


mentally, if the motor shaft is displaced _ 


one radian from zero error, the torque re- 
quired to accomplish this is numerically 
equal to K. Curves I, II, and III are 
drawn for K =1, 5, and 20 inch ounces per 
radian respectively. 

Since K is merely an amplification fac- 
tor, the loop transfer functions I, II, and 
III of Figure 7 only are expanded or con- 
tracted versions of each other. For 
K=1, no resonance peak occurs, since 
the locus does not go near the point —1, 
but on the other hand the response drops 
off at a very low frequency. K=5 pro- 
duces a system with a wider frequency 
response, but a resonance of 1.38 occurs 
at w=25 radians per second. K=20 has 
a very wide frequency response, but it 
also has an extremely high resonance 
peak. 

From the standpoint of resonance, the 


* system with K=1 is best, but its actual 


performance is poor, since the low fre- 
quency response results in a very sluggish 
system. Moreover, since it requires so 
much error to produce a torque, any load 
on the motor will produce a large error. 
For example, in order to drive a 10-inch- 
ounces dry friction load, a motor error of 
ten radians would be required at K=1- 
inch-ounce per radian. K=5 results in 
faster and tighter response, but even this 
is usually not enough for a high perform- 
ance system. K=20 is much more de- 
sirable from every standpoint except that 
of the high resonance peak. 

The design problem usually resolves 
into the necessity for providing some ade- 
quate means for reducing the resonance 
peak of the system with K=20. The 
network shown between V4 and V3 of 
Figure 6 is a common one used for this 
purpose. Its transfer function is 


Ro (A +joRiG) _ By LtjoAs 
Rs ) Ag 14+joBe 


(Ri +Ro(1 +jwRiCi- Riis 


and its polar plot is shown in Figure 7 for 
Ro/(Ri+R2) =0.2, and RiC;=0.02 second 
with K adjusted by changing other fac- 
tors to take care of the attenuation of this 
circuit at w=0 which is 0.2 

When this network is inserted in the 
system, the two complex transfer func- 
tions of the unstabilized system and the 
stabilizing network are multiplied to- 
gether. Thus, at each frequency the two 
magnitudes are multiplied and the two 
phase angles are added so that the net- 
work shifts the loop transfer function 
away from the high resonance region near 
the —1 point. For the above values and 
K=20, the resulting loop transfer func- 
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ton is shown as Ivi in iene 7, and the 
system - transfer function is shown as IV 


in Figure 4. 

The introduction of the stabilizing net- 
work has reduced the resonant peak to 
1.14 at 50 radians per second and also has 
broadened the frequency response and 
reduced the phase lag. 

An interesting question which illus- 
trates the power of this method is the 


_ determination of the proper value for the 


time constant RC}. The form of the 
locus which is a circle is independent of 


RC, but the position of each frequency 


point is determined by RiC;. For ex- 
ample, if a low time constant of say only 
0.002 second had been chosen, the stabiliz- 
ing network would not be able to intro- 
duce an appreciable positive phase angle 
until the very high frequency region after 
the loop transfer function already had 
passed through the highly resonant re- 
gion. Conversely, if RiC, is too large, 
say 0.2 second, the large positive phase 
angles would occur at very low frequen- 
cies and the phase would have returned to 
near zero at the frequencies for which the 
loop transfer function passes near the 
point —1. This relationship is shown in 
Figure 10 by an exaggerated sketch. 


The Effect of Delays 


With the addition and proper design of 
the stabilizing network, the torque ampli- 
fier has been given quite satisfactory 
characteristics, but certain delays which 
initially were assumed to be of secondary 
importance still are to be investigated. 
The transfer function for a single delay 
has been given in equation 10, and it is 
well known that its locus is a circle with 
negative phase angles, as shown by curve 
E of Figure 11. Since such a delay adds 
a negative phase angle into the loop 
transfer function it will shift the locus 
toward the (—1) point and cause an in- 
crease in the resonance peak. A delay of 
this sort is to be considered important or 
not depending upon whether or not it 
introduces an appreciable phase shift at 
the frequencies near the resonant point. 

Figure 11, curve A, shows the locus of 
the stabilized system without delays. 
Curve B shows the same locus as it is 
shifted by a 0.004-second delay which 
might occur with a pentode tube driving 
the field circuit. In this case the shift in- 
creases the resonance to 1.5 from its 
previous value of 1.14. Curve C shows 
the effect of a single 0.02-second delay as 
might occur with a triode driving tube. 
This delay is quite appreciable and the 
resonance has risen to almost four. 

To illustrate another feature, curve F 
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two delays might occur in the filter net- 
work and in the field circuit, respectively. 

They have the transfer function (1+j.01 
w)~? and are shown to have a greater 
effect than that of a single 0. (nceand 
delay. 

Curve D of Figure 11 represents a sys- 
tem that is worse than just resonant; it is 
unstable, and oscillations increase in 
amplitude with time, rather than die out. 
Any locus for which the vector from the 
(—1) point to the locus rotates through a 
resultant negative angle as w goes from 
zero to infinity will be unstable. Thus, 
curve C could represent also an unstable 
system if the gain were increased until the 
locus circled the (—1) point. Fora fully 
rigorous statement and proof of this sta- 


-1 Oo 6%-+e 


Figure 10. Effect of the stabilizing network 
time constant on 6,/e 


bility criterion, usually called the Nyquist 
criterion, reference should be made to 
the writings of Nyquist,5> Bode,’ and 
MacColl.® ; 

In the event that these delays are 
appreciable, it is necessary to reduce the 
loop gain or add other suitable phase 
correcting networks, but since this is only 
an illustrative example, the design will 
not be completed here. 


Inverse Transfer Functions 


Equation 6 may be placed in a form 
which still further simplifies the calculat- 


ing procedure in many cases. The recip- 
rocal of equation 6 is 

04 é 

be a (14) 
90 


In this equation 6,/0, and e/@, represent 
an input-to-output ratio rather than an 


output-to-input ratio and therefore are’ 


called the inverse system transfer func- 
tion and the inverse loop transfer func- 
tion, respectively. The graphical solu- 
tion of equation 6 is particularly simple 
since, if e/8, is plotted on the complex 
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When several conte or ae r) 


systems are placed in cascade, their trans-_ 


fer functions combine as 
Me!* = Mye!*1 Mye!4 = My Myei 1+ 42) 


This relation was usedinequation7. 
Similarly the inverse transfer functions 


which have the reciprocal magnitude and 
the negative phase angle of the transfer 
functions combine as 


M-'¢h(—#) = M,-1M,~1el(— #1— #2) (16) 


When one component feeds back from 
the output of another component as 
shown in Figure 12, the resultant transfer 
function is 


Mye!* 


een See 
* 1+ My Myei +92) 


(17) 
while the inverse transfer functions com- 
bine as, 


M-1eh(— 4) = M,-1¢(- 9) 4. Mel (18) 


Since this is only a vector addition, its 
graphical construction is very simple and 
provides one of the advantages of the in- 
verse transfer function approach.® This is 
particularly so in the study of regulators 
and process controls. Another advan- 
tage is thatit places theloci near the origin 
for the low frequencies which are of inter- 
est. 


Regulator Principles 


For the torque amplifier example, only 
its response to an input motion has been 
considered, and it was desirable for the 
system to have a wide frequency response. 
If the torque load on the servomotor 
should vary, however, it would be desir- 
able to have a minimum response to these 
variations. That is, if torque variations 
are considered as an input, the output 6, 
should be filtered as completely from these 
variations asis possible. In this sense the 
torque amplifier is acting as a regulator, 
and the use of equation 18 with inverse 
transfer functions becomes advantageous. 

If a torque T, is applied at the load 
shaft with the armature circuit connected 
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Loop transfer function for stabi- 
lized system with delay 


Figure 11. 


A—Basic system with no delays 
B—A 0.004-second delay 
C—A 0.02-second delay 
D—Two 0.01-second delays 


but with the amplifier off, the resultant 
output will be calculated as 


Ty =Jpo+fpo—T 


ae ea) (19) 
T,/0, is an inverse transfer function and 
may be identified with M 1e—4* of equa- 
tion 18. 

The return transfer function M. ee 
which is the ratio of the torque produced 
by a motion of the output from the zero 
error position, is (with B,;=B;=0) 


1+jwAs 


Moi =K- 
, std Bs 


(20) 


Combination of equations 19 and 20 ° 


into equation 18 yields 


1+jwAs 


ik 
GaP +e te tK- 
0 


_ for the system with the amplifier on. 


T,,/0, of equation 19 represents the in- 
verse transfer function for a disturbing 
torque with the amplifier off, and as such 
it is a measure of the self-regulating prop- 
erties of the load. Itis plotted in Figure 
13, curve A, for the values J= 0.005-inch- 
ounce per radian per second? and (f+g)= 
0.125-inch-ounce per radian per second. 
Thus at w=10, T,/0, is only slightly 
greater than one and only 1-inch-ounce 
torque is required to move the load with 
an amplitude of one radian at this fre- 
quency. 

T,/6, of equation 21 is the same trans- 
fer function with the control loop closed. 
Curve B in Figure 13 is the plot for this 
function, with K =20, A2=0.02, and B= 
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Feedback 


0.004. T,/6, is greater than 20 at all 
frequencies for this system, and this is a 
measure of how well the torque amplifier 
is regulated against load changes. 

The equivalent condition to a high 
resonance peak would occur if the locus 
came relatively close to the origin for 
certain frequencies. Then disturbances 
at these frequencies would be regulated 
less well than disturbances at other fre- 
quencies. 


Phase and Magnitude Relationships 


In the foregoing discussion the phase 
and magnitude of the transfer function 
have been treated as more or less inde- 
pendent quantities. Actually since they 
are derived from the same function of a 
complex variable, there must be a relation 
between the two which definitely limits 
the variety of polar plots which are avail- 
able in physical systems. Bode’ has de- 
veloped several such relations which are 
useful in feed-back amplifier design and 
consequently in automatic control design. 
The dependence of phase upon magnitude 
for these linear stable systems can be 
written only in an implicit integral form, 
but its essence may be stated simply as 
follows. 

In physically realizable stable systems 
of the kind we are discussing, there is a 
tendency for the phase angle of a transfer 
function to depend upon the rate of in- 
crease or decrease of the magnitude of the 
function with frequency. If the magni- 
tude decreases as 1/w* over a region of 
frequency, then the phase will tend to- 
ward an angle of —km/2 radians. The 
simple delay (1+-jBw)~? illustrates this, 
since at low frequencies the magnitude is 
slowly varying and the phase is near 0 
degrees, while at high frequencies the mag- 
nitude decreases as 1/w and the phase 
approaches —90 degrees. The transition 
between two rates of change of magnitude 
results in a smooth variation in phase be- 
tween the two values. All the transfer 
functions plotted illustrate this relation 
ship. 
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Figure 12 (right). 
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The important feature to note is that if 
the loop transfer function magnitude de- 
creases as 1/w? or faster for a region near 
unity, the phase angle will be near — 180° 


or more and the system will be highly 


resonant. A good loop transfer function 
should not decrease in magnitude any 
faster than, say, 1/w!-> until the magni- 
tude is below about 1. Then the reso- 
nance peak will be no greater than 1.3. 
The stabilizing network discussed in the 
foregoing is useful, since it has a rising gain 
characteristic over a region near unity for 
whichthe loop magnitude is decreasing too 
fast. MacColl® has demonstrated this 
approach in detail. 


Experimental Techniques 


Experimentally many methods for test- 
ing a whole system for frequency response 
or for obtaining the transfer function of 
individual components will suggest them- 
selves. A sinusoidal disturbance is placed 
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Figure 13. The open and closed loop inverse 
transfer functions for a disturbing torque 


at the input of the component or system, 
and the relative phase and magnitude of 
the output is measured. One important 
advantage of this type of analysis is that 
the transfer function for some critical 
component which is difficult to analyze 
may be determined experimentally and 
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QT is now well known that most of the 

radar sets used in the past war func- 
tion by transmitting a pulse and measur- 
ing the time necessary for the signal to 
reach the target and the echo to return. 
Of particular interest is the problem of 
finding how much power must be trans- 
mitted so that the echo will be of suffi- 
cient strength to be detected satisfac- 
torily by the radar receiver. When deal- 
ing with microwave equipment and the 
consequent line-of-sight transmission 
paths, the problem can be solved by 
geometric means. 

Consider a point source which is radiat- 
ing energy uniformly in all directions.* 
The rate at which energy passes through 
unit area at a distance r from the source 
is P,/4ar? where P, is the power output of 
the transmitter. This must be true be- 
cause the area of the sphere of radius r, 
through whose surface all the energy 
passes, is 4arr?. 

A radar transmitter which radiates 
equally in all directions is difficult to ob- 
tain. However, a very common short 
wave antenna is the dipole which has a 
radiation pattern similar to that shown in 
Figure 1. This is a polar diagram of the 
field strength through a plane containing 
the dipole. The flow of energy in direc- 
tions A is roughly 3/2 that of the ideal 
point source and hence the power gain of 


* This discussion is adapted in part from a series of 
lectures given by W. W. Hansen at the Radiation 
Laboratory, Massachusetts Institute of Technology, 
in 1940 and 1941. 


placed along with other transfer functions 
which are determined analytically. 

In some cases it may be desirable to 
work with the magnitude of the transfer 
function alone because of difficulty in 
making phase measurements. Then the 
phase-magnitude relationship is useful. 

For experimental verification of the 
methods discussed, it is important 
that the system remain linear; in par- 
ticular, the applied disturbances should 
not be large enough to overload the ampli- 
fiers or saturate the motor. In view of 
this limitation, this analysis yields neces- 
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the dipole is said to be 3/2. Thus the 
energy flow through unit area at a dis- 
tance r from the dipole, in the directions 
A, is 3P,/8ar. 

Viewed as a receiving system, the so- 
called effective cross section of a dipole’ is 
a function of the wave length, A, and is 
approximately equal to 3A?/8m. This is 
numerically equal to the cross section of a 
disk which, if placed normal to the inci- 
dent radiation, will absorb an equivalent 
amount of energy. Thus if two similar 
dipoles are placed a distance r apart, the 
received power, P,, in terms of the trans- 
mitted power, will be the product of the 
energy density at the receiving dipole and 
the dipole cross section, 


3h? 3A \? 
a cera) 9 ose 1 
Bari” 8 »( 2) (a) 


At microwave frequencies, it is con- 
venient to use a parabolic reflector, with 
the dipole at its focus to narrow the radi- 
ated energy into a beam. Figure 2 is a 
sketch of this arrangement showing the 
dipole at the focus of a paraboloid. The 


6/o2-7 


Figure 1. Field pattern of dipole 


sary conditions for good performance but 
not always sufficient conditions. 


References 


1. Tue ‘‘SpeepoMAx"’ Power LEVEL RECORDER, 
W. R. Clark. AIEE Transactions, volume 59, 
1940, pages 957-64. 


2. Povarizep-Licut Servo System, T. M. Berry. 
AIEE TRANSACTIONS, volume 63, April 1944, 
pages 195-8. 


3. STABILIZED FEEDBACK AMPLIFIERS, 
Black, Bell System Technical Journal, 
1934, 


H.S. 


January 


4. TRANSIENTS IN LINEAR Systems (book), M. F. 


Quarles, Breazeale—Radar Sets 


dipole, ad 
aD? 7 7 
a x2 aD sl 
(2) 
a Bn? “3 2 
“Sx 


where D is the diameter of the paraboloid 
and \ the operating wave length. The 
beam width 6 between half-power points 
in terms of reflector size and wave length 
is given roughly by 


6=\/D radians (3) 


Referring to equation 1, if paraboloids 
are used behind each dipole, then the re- 
ceived power is increased by the product 
of the gains of these reflectors. Assuming 
paraboloids of equal size, the expression 
for the received power P, becomes 


3X 
iz =P (> y xXG? 
Sarr 


xD?\?_ 1 
P,=P( 2) x5 (4) 


As might be expected, this equation shows 
that the received power is inversely pro- 
portional to the square of the separation. 
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dividing the cross section area of the para- 7 
boloid by the effective cross section of the } 
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It is the fundamental relation describing 
point-to-point operation, such as micro- 


_wave radiotelephone service where a line- 


) 


of-sight path is involved. 

For the radar case, however, it is neces- 
sary to find the energy in the echo. If the 
target is an airplane, the energy scattered 
is a function of the size of the airplane, 


_ materials, wave length, aspect, polariza- 


tion of the incident wave, and so forth. 
An effective cross section A,can be defined 
as the area intercepting that amount of 


power which, if scattered equally in all 
directions, will give an echo equal to that 
from the target. 
With this assumption, the energy den- 
sity at a distance r from the target is 
A 
P,= Ogei (5) 


_ where P; is the incident energy density 


and P, the density of the scattered energy 


_, at adistance r from the target. 


" 
x, 


Sf 
f 


In a microwave set the same antenna 


_ system is used for transmitting and receiv- 


ing; hence the received energy is the prod- 
uct of equations 4 and 5, since equation 4 
represents the energy which would be re- 
ceived if it were reflected without loss of 


~ any sort and equation 5 is the loss factor 


af aD? 2 
/ Pr=P(2) x 


of the target. 


dese 


4n r* 


(6) 


Will this energy be sufficient to operate 
the receiver? While it is possible to get 
almost infinite gain in a receiver, the sen- 
sitivity, that is, the smallest signal that 
the receiver can utilize, is determined by 
the noise in the receiver input. 

The theoretical lower limit of this noise 
level is fixed by the thermal-agitation- 
noise (Johnson noise) in the resistive com- 
ponent of the input.2 This thermal- 


agitation-noise voltage is V4kTBR volts. 
Remembering that the maximum power 
which can be drawn from a generator of 
electromotive force E and internal resist- 
ance R is E?/4R, the maximum noise 
power available to the receiver is kTB 
watts. Here k is Boltzman’s constant, 
1.37 10-23 Joule per degree absolute, T 
about 290 degrees absolute; and B the 
effective noise band width of the receiver 
in cycles per second, which is roughly 
equal to the band width of the receiver 
between half-power points. For satis- 
factory pulse reception, the band width 
should be inversely proportional to the 
length of the pulse. For a one-micro- 
second pulse, this is 10* cycles. The ratio 
of the equivalent noise level at the re- 
ceiver input to the thermal-agitation-noise 
is defined as the ‘‘noise figure,” symbol F, 
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Figure 2. Field with parabolic reflector 


and in a microwave receiver may be as 
low as four or five. 

An expression for the maximum range 
of a radar set can now be written. If it is 
assumed that a received signal-to-noise 
ratio of one is acceptable, then the value 
of the equivalent noise level can be sub- 
stituted for P, in equation 6 giving 


‘D2 2 
err~P{ 7") scat i 
’ Ar 


4n r4 
Solving this for the range r gives the 
relation 


(7) 


Ara 
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To illustrate by a numerical problem, 
the following is representative of a micro- 
wave search radar: 


P;, peak transmitted power, =100 kw 

d, wave length, =10 centimeters 

Beam width =3 degrees, or, 

D, diameter of reflector, = 190 centimeters 

A,, effective cross section area of a medium 
bomber, =2 105 square centimeters 

B, band width,=10% cycles per second. 
(This permits a 1-microsecond pulse) 

F, noise figure, = 10 


The maximum range is then roughly 
150 land miles. The airplane could be 
tracked this far (in theory) if it flew at 
sufficient altitude to permit a line-of-sight 
path between it and the radar antenna. 

Several interesting conclusions can be 
drawn from equation 8. The effective 
range varies at the fourth root of the 
transmitted power, that is, to double the 
range it is necessary to increase the peak 
power by a factor of 16. The range also 
varies as the fourth root of the effective 
cross section area of the target. For this 
reason a large bomber cannot be tracked 
to a much greater distance than a small 
fighter. Again, the range appears to be 
inversely proportional to the square root 
of the wave length, but this is not the 
whole story. As shown in equation 3, the 
beam width is directly proportional to 
the wave length, and if one endeavors to 
increase the range by decreasing the wave 
length with the consequent decrease in 
beam width, the beam speedily becomes 
too narrow for successful searching. In 
other words, it is possible for the beam to 
pass completely over the target between 
pulses. Actually it is desirable for at least 
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three or four pulses to strike the target 


_ while the beam is sweeping overthat point. 


The range also appears to vary directly 
with the diameter of the reflector. But 
here again one runs into the problem of 
decreasing size of the beam and the con- 
sequent unsuccessful scanning. If the 
beam width is held constant, which means 


that the ratio of D to dis fixed, then the 


range actually falls off with decrease in 
wave length, because the size of the re- 
flector must be reduced in proportion to 
the reduction in A. It should be added 
here that a paraboloid, such as was as- 
sumed in the foregoing numerical ex- 
ample, is not very practical for a long 
range search set because the beam is too 
narrow in the vertical direction. One way 
to overcome this difficulty is to use a 
truncated paraboloid which has a con- 
siderably wider beam in elevation than in 
azimuth. The gain, of course, of such a 
reflector is less than the complete parabo- 
loid. 

The range is also proportional to the 
fourth root of the peak power of a pulse. 
But increasing the peak power by shorten- 
ing the pulse to keep the same average 
power also requires that the band width 
be increased; hence the noise level of the 
receiver willincrease in proportion. Ifthe 
peak power is increased without shorten- 
ing the pulse, which means that the aver- 
age power is increased, then, of course, 
the range also will increase, but slowly. 

Finally, it is seen that the range is in- 
versely proportional to the fourth root of 
the noise figure. In fact, as far as this 
characteristic is concerned, decreasing the 
noise figure is as effective as increasing the 
average power. This explains why such a 
tremendous amount of work has been 
done in the direction of reducing the noise 
figure of radar receivers. Reducing the 
noise figure by three decibels may not be 
as sensational as increasing the peak 
power from one megawatt to two mega- 
watts, but the increase in range is just as 
great. 

The recent experiments which resulted 
in obtaining radar echoes from the moon 
have been described in a recent publica- 
tion.4 After making certain corrections 
for the increase in gain of the radar an- 
tenna caused by reflections from the 
ground and so forth, it was found that the 
strength of the received echo agreed 
closely with the value predicted by calcu- 
lation. A long-wave radar set was used 
(110-megacycle frequency and a pulse 
length, of 0.02 second or more). This 
long pulse allowed the over-all receiver 
band width to be reduced to 50 cycles per 
second with a consequent reduction in the 
thermal-agitation noise. A peak trans- 
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Figure 3. Parabola 


mitted power of three kw gave a very 
adequate signal. 

Earlier in this paper reference was made 
to a simple relation for the gain of a para- 
bolic reflector (equation 2), and an ideal- 
ized field pattern with only one lobe was 
shown in Figure 2. The true picture is 
somewhat more complicated. Because 
the diameter, or aperture, of the reflector 
is at the most a few dozen wave lengths, 
the field distribution is the result of dif- 
fraction of the radiation at the aperture. 
Hence the gain depends on other factors 
beside the size of the reflector and the 
wave length, and the field shows side 
lobes in addition to the main lobe. 

A complete mathematical discussion of 
the action of the dipole and parabolic re- 
flector is long and rather involved. How- 
ever, a qualitative discussion will give a 
reasonably clear picture. 

By definition a parabola is the locus of 
a point whose distance from a fixed point, 
the focus, is equal to its distance from a 
fixed line, the directrix (Figure 3). The 
parabola also has the property that the 
angle which any focal radius, such as FA, 
makes with a tangent to the parabola at 
the point of intersection is equal to the 
angle the tangent makes with a line 
through this point of intersection and 
parallel to the principal axis. These 
angles are shown as ¢ and 9’ on the figure. 

A geometric construction shows at once 
that the distance from the focus to any 
point on the parabola plus the distance 
from that point to a line parallel to the 


Bord 


Figure 4. Location of point P 
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Figure 5. Sn 


directrix but situated on the other side of 
the vertex is a constant. Referring again 
to Figure 3, this means that FA+AB= 
FA’'+AB’, and so forth. 

If a source of radiation is placed at F 
and DCD’ is a parabolic reflector, all the 
waves reflected from it will arrive at DD’ 
in time phase. Therefore we can consider 
DD’ (actually the disk equal to the aper- 
ture of the parabola) as a constant phase 
surface radiating to the right. Next this 
constant phase surface can be divided into 
elemental areas and the contribution of 
all these areas to the field at the point 
under consideration summed. In general, 
the distribution of the field intensity will 
have the form 


sin X 
E=(constant) (1+ cos 6’) x (9) 


where 


D=diameter of paraboloid DD’ 

6’=angle between principal axis and line 
from focus to point under considera- 
tion (Figure 4) 


Figure 5 is a plot of this function for 
D/\ roughly equal to ten, and Figure 6 is 
a polar plot of the field for a somewhat 
smaller reflector. The pattern of 
field intensity can be altered drastically 
by changing the focal length of the par- 
abola, by distorting the reflector, and by 
varying the field intensity distribution 
across the aperture. The presence of 
direct forward radiation from the dipole 
feed also modifies the pattern. If the di- 
pole is placed an odd number of quarter- 
wave lengths from the vertex of the para- 
bolic reflector, then the forward radiation 
will reinforce the reflected wave (remem- 
bering that a wave is reflected with a 180- 
degree reversal in phase), and if placed-an 
even number of quarter-wave lengths will 
tend to cancel it. 

A typical design of a parabolic reflector 
calls for a ratio of focal length to diameter 
equal to 0.30 and also specifies that the 
product of the focal length and the depth 
shall equal one-fourth the diameter, 
Under these conditions, with a dipole feed, 
the gain is roughly that given in equation 
2 and the beam width between half-power 
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Figure 6. Typical antenna pattern showing 
side lobes 


points 1.2 A/D radians. With a reflector 
of reasonable size, the side lobes are small 
enough to be unobjectionable. 

The relations just discussed do not take 
into account any of the phenomena asso- 
ciated with refraction or reflection from 
external surfaces, or the fact that very 
short waves are absorbed by fog and rain.® 
For wave lengths much less than one 
inch, the latter problem is serious. Re- 
flection can be both an aid and a hin- 
drance. Properly situated ground radar 
search sets are subject to increases in re- 
ceived signal strength of as much as 12 
decibels caused by ground reflections. 
On the other hand, when the target and 
the radar set are near the surface of the 
earth, it is entirely possible for the differ- 
ence in path lengths of a direct and re- 
flected echo (that is, the ray reflected from 
the surface of the ocean) to be some odd 
multiple of a half-wave length, and in this 
case the resultant echo field will be very 
nearly zero. This phenomenon has been 
encountered when searching for ships with 
shore-based radar sets. 

Further work is being done on the 
measurement of the absorption by the at- 
mosphere of wave lengths less than one 
inch. As might be expected, there are 
strong absorption bands due to oxygen, 
water vapor, and so forth. The results 
will have considerable bearing on future 
selection of wave lengths. 
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3 HE heavy drain that the war has 
imposed on the forests of America, 
the backlog of pole requirements that 
_ has been built up over the war period, 
and the present labor shortage have 
made it impracticable to obtain a suffi- 
“4 cient number of poles of the species 
formerly used. 
Up to the present time, southern 
_ yellow pine and western red cedar have 
been the species most extensively used 
for poles. Coast Douglas fir and north- 
ern white cedar also are recognized as 
- good pole woods, but poles of these 
species have not had the wide distribu- 
tion nor the extensive use that southern 
yellow pine and western red cedar poles 
have had. In addition to the woods 
mentioned, treated lodgepole pine poles 
have been used to a limited extent in the 
~ Rocky Mountain region. 

Cedar poles and in certain localities 
some of the less durable species have been 
used in past years without preservative 
treatment, but the present discussion 
will be confined to poles that are to be 
treated. Since the sapwood of all species 
has low resistance to decay, the economy 
of preservative treatment is recognized 
even for cedar poles that normally have a 
fairly thin sapwood and a naturally dur- 
able heartwood. 

In order to meet some of the problems 
resulting from the current pole shortage, 
specifications have recently been pre- 
pared covering pole species to be used by 
the Rural Electrification Administration. 
The American Standards Association has 
prepared specifications designated as 
“American War Standards Specifications 
and Dimensions for Wood Poles.” The 
specifications mentioned cover miscel- 
laneous conifers that are to be given a 
preservative treatment and that hereto- 
fore have not been included among the 
recognized standard pole woods. 

The proposed substitute woods have 
been grouped according to the allowable 
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fiber stress in the following order: 


Group I. Fiber stress 5,600 pounds per 
square inch 


(a). Atlantic white cedar (Chamaecyparis 
thyoides) 


(b). Spruce (Picea)—all species 


Group II. 
square inch 


Fiber stress 6,000 pounds per 


(a). Eastern white pine (Pinus strobus) 
(6). Ponderosa pine (Pinus ponderosa) 

(c). Sugar pine (Pinus lambertiana) 

(d). Western white pine (Pinus monticola) 
Group III. Fiber stress 6,600 pounds per 


square inch 


(a). Jack pine (Pinus banksiana) 
(b). Red (Norway) pine (Pinus resinosa) 
(c). White fir (Abies concolor) 


Group IV. Fiber stress 7,400 pounds per 
square inch 


(a). Douglas fir other than coast type 
(Pseudotsuga taxtfolia) 


(b). Eastern hemlock (Tsuga canadensis) 
(c). Western hemlock (Tsuga heterophylla) 
(d). Eastern larch (Tamarack) (Larix lari- 
cina) 

(e). Western larch (Larix occidentalis) 


The foregoing fiber stresses were ob- 
tained from a study made by the Forest 
Products Laboratory and are based on 
the American Standards Association re- 
commended stresses for lodgepole pine. 


Wood Preservatives for Poles 


CREOSOTE 


Prior to the war a large proportion of 
the poles used in the United States were 
treated with American Wood Preservers 
Association specification grade one coal 
tar creosote with a specified distillation 
residue of not over 20 to 25 per cent 
above 355 degrees centigrade. 

The federal specification covering creo- 
sote for pole treatment limits the residue 
to 25 per cent. Shortages resulting from 
the war, however, made it difficult to ob- 
tain cresote with a low distillation resi- 
due, and it became necessary to increase 
the allowable residue in the federal speci- 
fication to as much as 35 percent. This 
wartime emergency provisionhas been dis- 
continued. An important reason for speci- 
fying lowresidue cresote oils for pole treat- 
ment is to reduce the tendency to bleed. 
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Before the war a large amount of 
creosote was imported from Europe and 
Japan. Because this supply practically 
has been cut off and because the domestic 
production probably will not be able to 
meet the heavy postwar demands, a 
creosote shortage may exist for some 
time to come. This situation has forced 
pole users to consider the use of other. 
preservatives less well known but that 
offer promising results. In extreme cases 
it even may be necessary to use treat- 
ments that are known to be less economi- 
cal because of the shorter service life 
obtained. Such treatments may be less 
economical because the materials lack 
the preservative properties suitable for 
conditions under which poles are used 
or because of inadequate treatment. 
Nevertheless, there should be few cases 
where inferior and uneconomical treat- 
ment is necessary because of present 
shortages. 


CHLORINATED PHENOLS 


During the past ten years, the chlo- 
rinated phenols have been receiving con- 
siderable attention as possible substi-_ 
tutes for creosote or as materials that 
can be used in mixtures with creosote.’ 
Pentachlorophenol is the best known in 
this group and has been the most ex- 
tensively used, but tetra-chlorophenol 
and 2-chlororthophenylphenol, in mix- 
tures with pentachlorophenol, have also 
been given consideration. Pentachloro- 
phenol has the advantage of a lower water 
solubility than the other two phenolic 
compounds. Tests show that these 
chemicals have a high degree of tox- 
icity, and five per cent solutions (on a 
weight basis) are apparently suitable 
when solution absorptions needed to 
obtain the necessary penetrations are 
employed. A five per cent solution of 
penetachlorophenol (on a weight basis) 
commonly is recommended at present. 
This is for absorptions similar to those 
specified for pole treatment with creosote. 

Both toxicity and permanence are 
highly important qualities of a good wood 
preservative, but only long-time service 
tests provide a satisfactory measure of 
permanence, and such tests are needed to 
determine fully the relative merits of the 
chlorinated phenols. The limited num- 
ber of service tests that have been started 
during the past few years indicate that 
the chlorinated phenols have a promising 
future, but little information is available 
on the performance of these solutions 
when applied by the pressure process. 
Data thus far obtained apparently indi- 
cate that solutions of the chlorinated 
phenols made with the heavier petroleum 
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oils may give better protection than 
solutions in which the more volatile oils 
are used. On the other hand the more 
volatile oils penetrate the wood more 
readily when the solutions are applied by 
nonpressure methods. It has been found 
that some petroleum oils are more suit- 
able than others both as solvents and 
from the standpoint of freedom from 
sludging. 

The problem of sludging is also of im- 
portance in the use of creosote-petroleum 
mixtures. Experience has shown that 
petroleum oils with an asphaltic base are 
much less likely to give trouble than the 
oils with a paraffin base. Some pole users 
now are having poles treated with penta- 
chlorophenol mixtures containing vary- 
ing proportions of coal tar creosote. 
These mixtures also have an increased 
tendency to cause sludging unless a 
suitable petroleum oil is employed. 


CREOSOTE SOLUTIONS 


Blended preservative oils that have 
been used successfully for various kinds 
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Figure 1. The relation of sapwood depth and 
percentage of sapwood in the total volume of 
timbers of different diameters 


of timber are the creosote-coal tar and 
the creosote-petroleum solutions. These 
mixtures have not been so extensively 
used for poles as for other types of treated 
material because of their greater tend- 
ency to cause bleeding. They should 
prove satisfactory for poles, however, 
where bleeding is not an important con- 
sideration. 


Bleeding 


The problem of bleeding is of particular 
interest when poles are used in urban 
line construction where the oily surface 
may cause damage to clothing and result 
in public complaint. Bleeding is nat- 
urally of less importance in rural lines, 
but in any case it is objectionable to 
linemen who must climb the poles when 
the line is installed and when repairs 
are required. The bleeding problem 
may be particularly aggravating when 
the poles have been treated shortly be- 
fore they are placed in service. While 
this trouble becomes less acute after the 
poles have been in service for a time, in 
some installations bleeding may persist 
to a variable extent for a considerable 
period. 

It must not be assumed that all 
poles treated with preservative oils 
bleed, but it is difficult to predict what 
poles, if any, will bleed and to what ex- 
tent they will bleed. 

Five factors that appear to have 
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wood is exposed. 


summer months. 
sote usually gives less bleeding trouble 
than mixtures of coal tar creosote and 
petroleum, or creosote-coal tar solutions. 


Likewise, creosote with a high residue © 


above 355 degrees centigrade usually 


causes more bleeding than low residue ~ 


creosote oils. 


Methods of Treatment 


PRESSURE TREATMENT 


The pressure process is the most ef- 
fective method of treating timbers of all 
kinds, since it affords a means of con- 
trolling the pressure to any desired 
amount. By using different initial air 
pressures, a considerable variation in ab- 
sorption can be obtained, thereby making 
it possible to get heavy or fairly light 
absorptions for a given depth of penetra- 
tion. The principal objection to pressure 
treatment is that it requires relatively 
large and expensive equipment and is 
therefore not well adapted for the treat- 
ment of small quantities of timber nor 
for treating material that would require 
long distance transportation to the treat- 
ing plant. 


NONPRESSURE TREATMENT 


Next to pressure treatment, the hot- 
and-cold bath method is the most ef- 
fective. This treatment depends on 
atmospheric pressure utilized by first 
heating the wood in a heating medium 
and then cooling it in the preservative. 
When the wood is heated, the air con- 
tained within its cells is expanded, and 
part of that in the surface region of the 
timber is forced out of the lumina or air 
spaces. In the subsequent cooling bath, 
a partial vacuum is formed and more or 
less preservative is forced into the wood 
cells by atmospheric pressure, depending 
upon the permeability of the wood and 
upon the amount of air forced out by 
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Heavy absorptions usually cause ade 
bleeding than light absorptions, heart- 
wood will bleed more than sapwood, and 
species with the more resistant sapwoo we | 
will normally bleed more (with the same 
absorption) than species in which the 
sapwood is easily penetrated. Bleeding — 
may occur either in summer or winter 
but is generally most severe in the hot | 
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sxxpansion during the heating period. 
Very little preservative is absorbed dur- 
ing the hot bath, and it is obvious that 
he pressure forcing preservative into the 
wood during the cooling period cannot 
exceed atmospheric pressure. Generally 
the available pressure will be lower than 
atmospheric. For this reason the hot- 
_and-cold bath treatment is more suitable 
for treating round timbers in which only 
the more easily treated sapwood needs 
to be penetrated. This method has been 
_ extensively used in the butt treatment 
~ of western red cedar poles and now is used 
_ to some extent in full length treatment 
: of these poles. Lodgepole pine poles also 
_ have been butt treated by this method 
_ for use in the Rocky Mountain area. 
_ Incising before treatment has been 
4 ‘found very helpful when the sapwood is 
somewhat resistant to penetration, as in 
the case of cedar. When the sapwood is 
very resistant to penetration, as in 
‘species like the true firs and spruces, it is 
doubtful that even when the resistant 
sapwood is incised it will be possible to 
obtain satisfactory penetration without 

the use of pressure treatment. 

The principal advantages of the hot- 

and-cold bath treatment over pressure 

“treatment are 


<~* 


1. The cost of the treating equipment is 
small compared with the cost of pressure 
treating equipment. 


2. Butt treatment or full length treatment 
can be used as desired. 


8. It is more convenient to treat small 
quantities of timber by this method. 


4. It is usually possible to make the treat- 
ments near where the timber is cut. 


The principal disadvantages are 


4. The pressure available for forcing the 
preservative into the wood is limited com- 
pared with the wide range of pressures avail- 
able when the pressure process is used. 


2. Considerably heavier absorptions ust- 
ally are required for a given penetration than 
when the wood is treated by pressure meth- 
ods because an initial air pressure cannot be 
applied as in the Rueping treatment. 


3. This method of treatment is not well 
adapted for round timbers with unusually 
resistant sapwood nor for species that have 
a deep sapwood easily penetrated, since in 
species having a deep sapwood undesirably 
heavy retentions may be obtained or there 
may be incomplete sapwood penetration. 


4. Evaporation of the lower boiling constit- 
tents of preservative oils used in the hot 
bath often causes an appreciable loss of pre- 
servative. 


Absorption Specified for the 
Pressure Treatment of Poles 


Most of the southern yellow pine and 
Douglas fir poles treated up to the present 
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time have been treated by the empty-cell 
process with specified minimum net re- 
tentions of about eight pounds of creosote 
per cubic foot. Minimum absorptions 
specified for lodgepole pine poles have 
ranged from about four to eight pounds 
per cubic foot. The lower absorptions 
specified for the lodgepole pine have been 
possible partly because of the more shal- 
low sapwood in this species. The sap- 
wood of lodgepole pine commonly ranges 
from about one half to two inches 


in thickness compared with two to four 


inches in southern yellow pine and one to 
two inches in coast Douglas fir poles. 
Another reason for the use of lower ab- 
sorptions in lodgepole pine is that poles of 
this species have been used mostly in the 
Rocky Mountain states where decay con- 
ditions are usually much less severe than 
those under which the southern yellow 
pine and coast Douglas fir poles are used. 

Present American Wood Preservers 
Association specifications for the treat- 
ment of southern yellow pine poles permit 
a minimum net retention of six pounds per 
cubic foot provided the penetration speci- 
fied for the 8-pound treatment is met and 
provided the poles are to be used under 
conditions that do not favor rapid decay. 
Various power companies have specified 
net retentions ranging from 10 to 16 
pounds of either creosote or creosote-coal 
tar solutions in southern yellow pine 
poles. 

The question of obsolescence is usually 
of more concern to telephone and tele- 
graph companies than to power com- 
panies, and it is natural that they do not 
want to employ preservative treatments 
that may give a service life well beyond 
the time their pole lines would become ob- 
solete. On the other hand, it obviously 
would be unwise and uneconomical to 
count on obsolescence and later find the 
service life was too short. 

Sufficient service records are not yet 
available to show the minimum absorp- 
tions of different preservatives that can be 
expected to give satisfactory results for 
poles of different species when used under 
various climatic conditions. For this rea- 


son it would seem desirable to defer the 


extensive use of absorptions much lower 
than those commonly specified wntil the 
relative merits of the lower absorptions 
can be determined from suitable service 
tests. The following are some of the more 
important advantages of using absorp- 
tions that are known to be adequate as 
demonstrated by experience: 


1. They furnish a better reserve against de- 
pletion by leaching and evaporation. 


2. They insure better distribution and 
deeper penetration of the preservative. 
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3. When the preservative has a variable 
toxicity, the heavier absorptions serve as a 
safeguard against deficient toxicity. 

4. They reduce the danger of insufficient 
absorption because of careless treatment. 


5. They help protect against the possibility 
of inadequate treatment of the more resis- 
tant timbers in a charge or of those of the 
larger sizes when the charge contains tim- 
bers of different dimensions. 


6. They reduce the danger of wide varia- 
tions between the maximum and minimum 
penetrations obtained in the same or in 
different timbers. 


The principal disadvantages of heavier 
absorptions are the somewhat higher ini- 
tial cost of treatment and the possibility 
of objectionable bleeding when oily pre- 
servatives are used. The higher initial 
cost of treatment, however, does not 
necessarily mean that the annual charge 
will be higher over the period the timber 
is in service. Within reasonable limits 
the higher first cost may be much more 
than offset by the increased service life 
and consequent reduced. cost of renewals. 

There are a variety of factors that 
should be kept in mind in deciding upon 
the net retention that will prove most 
economical or most desirable because of 
other considerations. 

The thickness of sapwood also will have 
a definite bearing on the absorptions that 
should be specified. Woods with deep 
sapwood, like that of ponderosa pine, red 
pine, and the southern pines, naturally 
have a greater proportion of wood that 
can be treated than poles of thin sapwood 
species, like the cedars, western larch, and 
mountain type Douglas fir. Figure 1 
shows the proportion of sapwood in the 
total volume of poles of different average 
diameters ranging from 4 to 22 inches. 
These curves were computed from the re- 
lation that if tis the average depth of sap- 
wood and D is the average diameter of the 
timber, the percentage of the sapwood P, 
based on the total volume, is given by 


ae 100] P=] 


= (1) 


If P, is the percentage of sapwood in 
the total volume when the average sap- 
wood thickness is ¢ inches, and Pz is the 
percentage of sapwood in the total volume 
when the average sapwood thickness is T 
inches, then 


(2) 
For example, assume D = 10 inches, 


t = 0.75 inch, and T = 3 inches. Then 
the ratio 


é 10—0.7 
Ps 078) 10078 
Pr 3 10—3 


TRANSACTIONS 551 


with a sapwood thickness of 0.75 inch 


would have about 33 per cent as much 
sapwood as a pole timber of the same 
diameter with a sapwood thickness of 
three inches. 
shows that the percentage of sapwood in 
the total volume of a timber 10 inches in 
diameter with a sapwood thickness of 
0.75 inch is about 27.7, while the same 
diameter timber with an average sapwood 
thickness of three inches would have 


' about 84 per cent sapwood in the total 


volume. For the same concentration of 
preservative, it might be assumed that 
poles with a sapwood thickness of 0.75 
inch would require only 33 per cent as 
much preservative as when the sapwood 
is three inches thick. It should be borne 
in mind, however, that there is a greater 
opportunity for more rapid loss of pre- 
servative from thin sapwood through 
leaching and evaporation because the pre- 
servative is concentrated closer to the sur- 
face. In the latter case, somewhat 
heavier absorptions would help compen- 
sate for this difference in depth of pene- 
tration. 

Equation 2 will be found convenient for 
comparing the relative proportions of sap- 
wood in a timber of any given diameter 
when different depths of sapwood are as- 
sumed. 


Treating Conditions and Pressure 
Treatment Specifications 


In addition to specifying the preserva- 
tive, the average absorption and penetra- 
tion required, and the method of seasoning 
or conditioning the poles for treatment, it 
is desirable to specify the maximum pre- 
servative temperatures and pressures to 
be used, since these have an important 
bearing on the success of treatment. 
Some species will withstand more severe 
treating conditions than others. 


CONDITIONING 


Green southern yellow pine poles com- 
monly are conditioned for treatment by 
the steaming and vacuum process. Al- 
though the average amount of water 
removed is usually not more than about 
five to six pounds per cubic foot, the re- 
moval of this amount of water and the 
heating of the wood to a favorable treat- 
ing temperatureas a result of thesteaming 
make this method a very satisfactory 
means of conditioning southern yellow 
pine poles. This method, nevertheless, is 
not well adapted for conditioning other 
woods commonly treated because either 
the other woods are injured more easily by 
the temperatures and heating periods re- 
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ditioned by the Boulton, or boiling w der 
vacuum, process. In this process, round 


timbers are usually boiled under vacuum | : 


with a specified maximum preservative 
temperature of 220 degrees Fahrenheit. 


Since water is evaporated during the boil- 


ing period, the wood temperature is usu- 
ally considerably lower than the tempera- 


_ ture of the heating medium. This process 


also is applied in the conditioning of other 
species in the green condition and has the 
advantage that it removes water from 


green material under mild temperature 


conditions. 

Air seasoning is, of course, the most 
widely used method of conditioning wood 
preparatory to treatment. 


TREATING TEMPERATURES 


Both laboratory experiments and sub- 
sequent studies made under commercial 
treating conditions have shown that 
treating temperatures of 190 degrees to 
200 degrees Fahrenheit are much more 
effective in obtaining good penetrations 
than lower temperatures. This applies 
when either preservative oils or water 
solutions are used. Temperatures a little 
higher than 200 degrees Fahrenheit often 
can be used to advantage for some species, 
such as the southern pines. 


PRESERVATIVE PRESSURES 


Preservative pressures should be kept 
low enough to prevent objectionable 
checking and collapse. Some species, as 
for example southern yellow pine and 
some of the hardwoods, can withstand 
treating pressures considerably higher 
than many other woods. Whenever ob- 
jectionable checking or collapse occurs as 
a result of the temperature and pressure 
conditions employed, the preservative 
temperature should be maintained in the 
range of 190 degrees to 200 degrees 
Fahrenheit, and the treating pressure 
should be lowered as may be needed to 
prevent unnecessary checking or collapse. 


SPECIFICATIONS 


The American Wood Preservers Asso- 
ciation for many years has had specifica- 
tions covering the pressure treatment of 
southern yellow pine and coast Douglas 
fir poles, and these specifications have 
been revised at various times. In recent 
years this association has prepared speci- 
fications for the pressure treatment of 
western red cedar, lodgepole pine, jack 
pine, and red pine poles. 
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the freshly cut timbers phere has | 
high moisture content in the range y 4( 
to 165 per cent or over. In order j 
avoid objectionable checking and col- 
lapse in the spruce species, it is d 
sirable to limit the preservative pressure 
to about 150 pounds per square inch when 


120 to 130 pounds per square inch when 
the Lowry, or full cell treatment, is apy 
plied.* 


Species in Group II. The a 
of ponderosa pine usually ranges from 
about two to three inches in thickness, — 
and the sapwood moisture content of the 
freshly cut wood is relatively high, aver- 
aging about 150 per cent. This is one of — 
the few softwood species that are com- 
paratively easy to treat in both the sap- 
wood and heartwood when air seasoned. 

The sapwood of the white pines com- 
monly ranges from about one to two 
inches and occasionally to three inches in ~ 
thickness. 

In general, the treating conditions 
specified for the southern pines will be 
suitable for the pines listed in group II. 


Species in Group III. Jack pine has 
a sapwood that commonly ranges from 
about 11/2 to 21/2 inches in thickness, al- 
though poles grown in some regions may 
have sapwood considerably less than one 
inch in thickness. Like lodgepole pine, 
this species is injured more easily by high 
pressures than some of the other pine 
species, and the maximum treating pres- 
sure should not exceed 150 pounds per 
square inch and in most cases should be 
somewhat lower. The treatment of poles 
of this wood is covered in the American 
Wood Preservers Association specifica- 
tion for the pressure treatment of jack 
pine poles. 

Red (Norway) pine has a fairly deep 
sapwood that ranges from about two to 
four inches in thickness. This species has 
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__ The white firs, like the spruces, are very 
‘resistant to treatment in both the sap- 
wood and heartwood, and the sapwood is 
not distinguishable from the heartwood. 
‘Treating conditions previously discussed 
for the spruce species also will apply for 
_ the true firs, such as white fir (Abies con- 
: icolor). 

4 


Species in Group IV. The sapwood 
b of Douglas fir poles grown in the region 
Bhetween the Pacific Coast and the Cas- 
cade Mountains normally has a range in 
thickness of about 3/4 to 21/4 inches. In 
;: _ most cases it will average between 1.3 and 
14 inches. The moisture content of the 
sapwood in freshly cut timbers usually 
will average around 115 per cent. The 
treatment of the coast-type Douglas fir 
poles is covered in the American Wood 
Preservers Association specification for 
the pressure treatment of coast Douglas 
fir poles. 
. The mountain-type Douglas fir has a 
thinner sapwood than the coast type and 
is usually about one inch or less in thick- 
ness. The so-called Inland Empire or in- 
termediate type that grows between the 
coast and the Rocky Mountain region 
has a sapwood thickness ranging from 
about one to two inches. ~ 
While the heartwood of the timber that 
grows in the Rocky Mountain region is 
far more resistant to treatment than the 
heartwood of the timber grown in the 
coast region, the sapwood of the mountain 
type can be treated satisfactorily by the 
pressure process. Although the mountain 
type wood has a lower mechanical 
strength than the coast wood, the timber 
grown in the mountain region will with- 
stand a somewhat higher treating pressure 
without showing a marked increase in 
checking and collapse. Treating pressures 
_ as high as 140 to 150 pounds per square 
inch generally can be used for the Rocky 
Mountain wood, while it is usually desir- 
able to use pressures 25 to 30 pounds 
lower for the coast material. 

The sapwood of eastern hemlock is 
difficult to distinguish from the heart- 
wood and, like the heartwood, is relatively 
resistant to treatment. The average 
moisture content of the sapwood of the 
eastern species is in the neighborhood of 
120 per cent in freshly cut wood. Poles 
of this species should be air seasoned for 
treatment. 

The sapwood of western hemlock is 
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in thickness. 


sometimes lighter in color than the heart- 
wood and is usually not much over an inch 
The average moisture con- 
tent of the sapwood of the western species 
is considerably higher than that of the 
eastern species and averages around 170 
per cent. Both hemlock species can be 
treated using pressures up to about 150 to 
160 pounds per square inch. 

The sapwood of both eastern and west- 
ern larch is usually less than one inch in 
thickness; hence the sapwood thickness 
of these woods is similar to that of the 
cedars, Rocky Mountain Douglas fir, and 
western hemlock. The average moisture 
content of the sapwood of freshly cut 
western larch is in the neighborhood of 
125 per cent. 

Treating pressures as high as 175 
pounds have been used in treating larch 
timbers. This species usually can with- 
stand somewhat higher treating pressures 
than most of the softwoods grown in the 
western states. 

The purpose of the foregoing outline 
discussing treating conditions and specifi- 
cations is to point out some of the more 
important variables that should be con- 
sidered in the preparation of specifica- 
tions for pressure treatment. It should 
be borne in mind that if the best results 
are to be obtained, the treating condi- 
tions should be adjusted to meet the struc- 
tural variability of the different woods. 


Crossarms 


The suitability of a given species for 
crossarms will depend largely on the 
strength properties and freedom from 
such defects as cross grain and knots. 

Up to the present time, southern yellow 
pine and coast Douglas fir have been con- 
sidered the standard woods for crossarm 
material. The southern pines usually 
have a larger proportion of sapwood, and 
since the crossarms of this species are 
used in large quantities in the South 
where service conditions are more severe, 
it is customary to pressure-treat them, 
The absorptions commonly specified 
range from around 8 to 12 pounds of creo- 
sote per cubic foot. 

Coast Douglas fir crossarms generally 
are used without treatment because they 
normally have little sapwood and are used 
more widely in the northern and western 
states where decay conditions are less 
severe than in the southern states. 

Conditions under which crossarms are 
used are generally less favorable to decay 
thanwhere wood is in contact with the soil. 
For this reason the heavier absorptions 
used for timbers exposed to the more 
severe service conditions are not so im- 
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portant for crossarms. The shortage of © 
southern yellow pine and Douglas fir arms 
that, as in the case of poles, has developed 
as a result of the war, has made it neces- 


‘sary to consider substitute species. 


In the pole species listed under groups I 


‘to IV, the conifers that seem most prom- 
ising for crossarm material include west- 


ern larch, mountain or intermediate-type 
Douglas fir, western hemlock, and red 
pine: 


Treatment of Crossarms 


Species that have a considerable pro- 
portion of sapwood or that do not have 
good durability in the heartwood should 
be treated if good service life is to be ob- 
tained. Woods of this kind include west- 
ern hemlock and the various pine species. 

Crossarms made from western larch or — 
the Rocky Mountain and intermediate- 
type Douglas fir would have little sap- 
wood because of the thin sapwood in trees 
of these species. The heartwood of these 
woods is similar to the coast-type Douglas 
fir heartwood from the standpoint of 
natural durability. When heartwood 
crossarms are pressure-treated, it is prob- 
able that it would be difficult to keep the 
net retentions much below five to six 
pounds per cubic foot because of the large 
amount of surface area in proportion to 
the volume. Pressure treatment, how- 
ever, should give deeper penetrations in 
heartwood material, and when there is a 
considerable amount of sapwood it should 
require somewhat lower net retentions 
than when the open-tank treatment is 
used. 

One of the larger pole using companies 
has now revised its crossarm specifica- 
tions to include open-tank-treated red 
pine, jack pine, lodgepole pine, and the in- 
land or intermediate Douglas fir. Jack 
pine and lodgepole pine are somewhat 
lower in strength properties than the 
other species named, but it is assumed 
that they will provide suitable crossarms 
for the lighter service conditions. This 
company has treated several thousand 
arms of these woods using a hot bath of 
coal tar creosote and a cold bath of five 
per cent pentachlorophenol in an aromatic 
petroleum oil. These treated arms have 
been installed in service, and an examina- 
tion of their condition is to be made at 
various periods. 

Although the use of the pentachloro- 
phenol solutions is still in the experimen- 
tal stage, it would seem that an open-tank 
treatment, such as that mentioned, should 
give good results. The open-tank treat- 
ment of crossarms appears to be the most 
suitable substitute treatment where pres- 
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Synopsis: Spectacular advances in airplane 
design during the past decade have created 
an increasing demand for additional testing 
facilities with which to obtain those data 
essential to successful design. To answer 
partially this demand and to facilitate more 
basic aerodynamic research on the subject of 
compressibility effects experienced in high 
speed flight, several new wind tunnels were 
constructed during this same period. These 
tunnels vary widely in size and in require- 
ments for air density and air speed in the 
tunnel working section. Correspondingly, 
the horsepower output requirements for 
their main fan drive motors vary widely. 
But in all cases close speed regulation at 
preselected speed values over a wide range 
is essential to good test results. Most 
modern tunnels also incorporate suitable 
electric equipment for the operation of 
powered models and for the calibration of 
motors used in these models. This paper 
describes the Cornell variable density wind 
tunnel from the viewpoint of electrical engi- 
neers and discusses principles governing the 
selection of electric equipment for wind 
tunnels. 


HE WIND TUNNEL with details 

as shown by Figure 1 is the variable 
density high speed tunnel recently con- 
structed by the Curtiss-Wright Corpora- 
tion Research Laboratory (now Cornell 
Aeronautical Laboratory), Buffalo, N. Y. 
This project was initiated by Doctor 
Norton B. Moore, then of the Curtiss- 
Wright Corporation, and construction 
was started under his direction in 1942. 
The basic design of the tunnel was pre- 


sure treatment with creosote or with 
solutions of creosote and pentachloro- 
phenol is not feasible or does not seem 
necessary for the conditions of service to 
which the crossarms are exposed. 
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pared by members of the staff of the Cali- 
fornia Institute of Technology under the 
supervision of Doctor Clark B. Millikan. 
This group also acted as consultants dur- 
ing construction of the new facility. The 
design was financed jointly by the Curtiss- 
Wright Corporation and by a group of 
four Southern California aircraft com- 
panies which finances and owns a basi- 
cally similar facility, known as the co- 
operative wind tunnel, in Pasadena, 
Calif. 

The tunnel consists of a reinforced steel 
duct of circular cross section, housed in a 
brick-faced frame building, which adjoins 
a laboratory and power plant building. 
The principal dimensions of the duct, 
which is built of steel plate approxi- 
mately seven-eighth inch thickness, are 
shown in Figure 2. The duct forms a 
closed circuit through which air is cir- 
culated by the fan system indicated as A 
in Figure 1. With the outlet door of the 
tunnel closed the static pressure of the air 
in the tunnel may be varied between one- 
fourth atmosphere and four atmospheres, 
and then the air may be caused to circu- 
late in this condition. Vanes built into 
each corner to guide the air flow are shown 
in Figure 2. Cooling of the air is accom- 
plished by a bank of finned coil radiators 
mounted on the downstream side of the 
turning vanes in one corner of the tunnel. 
This is shown at B in Figure 1. Cooling 
water is pumped through these radiator 
coils and the heat is transferred to the 
atmosphere by means of the cooling tower 
shown at C in Figure 1. This cooling 
system is of adequate capacity to remove 
heat corresponding to the maximum con- 
tinuous power input to the fan system, 
while limiting the air temperature in- 
side the tunnel to 125 degrees Fahren- 
heit. 

The airplane model shown as D in 
Figure 1 is supported in the ‘‘test sec- 
tion”’ of the tunnel within a sphere, which 
can be isolated from the rest of the tunnel 
duct by means of lock gates. This ar- 
rangement, unique to this tunnel and the 
similar one at the California Institute of 
Technology, Pasadena, allows pressure to 
be maintained in 90 per cent of the total 
tunnel volume, while the sphere is isolated 
decompressed, and the model serviced or 
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In Figure 2, in the plan view of w 
the air flow is counterclockwise, the 
traction leading into the “working 
tion” and the diffuser downstream of 
working section are shown. The inside 
diameter of the duct at the beginning of | 
the contraction is 31 feet 6 inches, the 
cross-sectional dimensions of the working | 
or experimental area are 12 feet wide b: by 
81/, feet high, and finally the inside 
diameter of the duct at the end of the dif 
fusion area (ahead of the first corner down- 
stream of the working section) is 17 feet 
9 inches. The airplane model is mounted 
on supports which, when the tunnel is. 
operating, are integral with a basic metri-_ 
cal (force measuring) system, to which — 
the forces and moments produced on the > 
model by the air stream thus are trans- 
mitted. These forces and moments are 
transmitted hydraulically to a “‘control” 
room for indication and recording. For 
servicing or changing of a model, a trans-_ 
fer cart, the top of which forms the floor — 
of the working section, is raised and car- _ 
ries with it the model supporting struts. 
Raising of the transfer cart floor disen- _ 
gages the support system from the metri- 
cal system and provides clearance for the 
transfer cart to be motored out of the 
tunnel on steel transfer rails. Interchange- 
able transfer carts make it possible to set 
up completely and ‘instrument’ one 
model in the model preparation room 
while a second model is in the tunnel under 
test. : 

The fan system, mentioned previously, © 
is driven through a 30-foot hollow steel 
shaft by a 10,250-horsepower continuous 
rated 2-unit motor set. Speed adjustment 
of this drive over a range from 0 to 570 
rpm, with close regulation at preset 
values between 50 and 570 rpm, is ar- 
ranged for remote operation from the 
control room near the tunnel door. Power 
supply for the complete installation is 
taken from the 115,000-volt 3-phase 60- 
cycle lines and stepped down to 4,800 volts 
before it enters the power area building 
and is connected to the metal-clad switch- 
gear. Figure 13 shows the operators’ 
console for the Cornell variable density 
wind tunnel. 
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§ Figure 1. Cutaway view of Cornell Aeronau- 
_ tical Laboratory showing wind tunnel in- 


t 


x 
t 


_ stallation 


A—Fan impeller 

B—Heat exchanger 

C—Cooling tower 

D—Airplane model in test section 
E—10,250-horsepower driving motor 
F—115,000-volt 60-cycle power supply 
G—Control room 

H—Dynamometer room | 

lI-Adijustable frequency system 


For operation of powered models in the 
working section of the tunnel, an adjust- 
able frequency system with frequency ad- 
justment over a range from 60 to 450 
cycles per second is arranged for remote 
operation from the control room. Preci- 
sion metering of this variable frequency 
power supply is provided for indication 
and recording in the control room. The 
motors used in the powered models are 
calibrated on induction-type dynamom- 
eters capable of testing model motors up 
to speeds of 27,500 rpm, and up to maxi- 
mum horsepower ratings of 200. Addi- 
tional details of the electric equipment 
briefly mentioned in the foregoing will be 
given later in this paper. 


Aerodynamic Principles Determining 
Power Requirements of Tunnel 


Some knowledge of the aerodynamic 
principles influencing the design details 
of the tunnel is necessary for correct ap- 
plication of electric equipment on an in- 
stallation of this type, although it is the 
intention of this paper to dwell on the 
electrical phase of the subject. 

The primary object of all wind tunnels 
is to perform tests on scale models, which 
tests will produce data to assist the air- 


AUGUST-SEPTEMBER 1946, VOLUME 69 


plane designer in his design of new air- 
planes or in modifications of existing de- 
signs. For this purpose the wind tunnel is 
designed to measure accurately the reac- 
tions on the model at various altitudes 
and in an adjustable velocity uniform air 
flow. Various forms of tunnels have been 
designed! to produce effectively this ad- 
justable uniform air flow through an ex- 
perimental section in which the model is 
mounted, but the majority of recently de- 
signed tunnels built for testing in air 
velocities up to the speed of sound follow 
the general geometry of that shown in 
Figure 2. Force and moment reactions 
on the airplane model (and the coefficients 
derived from these) correspond to similar 
information on the full-size airplane, only 
if the model is geometrically similar to the 
full-scale design and also only if the model 
test is made at a Reynolds number equal 


S\N 
: 


to that expected on the full-size airplane 
in flight. Remembering that Reynolds | 
number E 


V1 

R=— | (1) 
bad ‘ 

in which 


V=relative velocity between body and fluid 
l/=a characteristic dimension of the body 
p=mass per unit volume of the fluid 

uu =coeffhicient of viscosity of the fluid 


it can be seen that for testing in an atmos- 
pheric pressure tunnel, the Reynolds 
number for flight conditions can be 
equalled only by using a full-scale model, 
or alternatively testing a fractional scale 
model at higher velocities than flight 


Figure 2. Outline of wind tunnel structure 
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conditions. In the case of airplane test- 


ing, velocities above that of flight condi- 
tions may introduce other more serious 


errors because of the compressibility of | 


the air and, consequently, the testing of a 
_ full-size model is dictated. Some wind 
tunnels for full-scale testing are in opera- 
tion, but their initial costs and the power 
required for their operation are so high 
that, to date, they have been installed 
only by centralized government agencies. 
The majority of wind tunnel testing is 
done on fractional scale models at re- 
duced Reynolds number values; full- 
scale conditions are extrapolated from 
these data. 

Inspection of equation 1 indicates that 
change of density causes a corresponding 
change in the Reynolds number. The 
density is proportional to the air pres- 
sure, and the viscosity is approximately 
independent of pressure, so that Rey- 
nolds number may be changed approxi- 


mately proportional to the pressure. A 


wind tunnel taking advantage of this 
feature was first built and operated by the 
National Advisory Committee for Aero- 
nautics at Langley Field, when a rela- 
tively small tunnel operating with com- 
pressed air at 20 atmospheres pressure 
was put into operation in 1927. This 
feature also was incorporated in the 
design of the tunnels recently built by 
the Curtiss-Wright Corporation (now 
the Cornell Aeronautical Laboratory), 
the California Institute of Technology, 
and by the National Advisory Com- 
mittee for Aeronautics at Ames Aero- 
nautical Laboratory, Moffett Field, 
Calif. 

Consider now the power requirements 
for wind tunnels: Corresponding to a 
specific air velocity through the work- 
ing section (throat) of the tunnel, the 
kinetic energy of the air stream passing 
through the throat is given by the equa- 
tion: 


KE=1/2p,V,°A, 
Where 


(2) 


Po = mass density of air in the throat 
V, =rated air velocity at throat 
A,=cross-sectional area of throat 


Assuming approximately uniform veloc- 
ity distribution throughout, the summa- 
tion of energy loss in the various portions 
of the tunnel duct may be expressed in 
the form 


energy losses=K,1/2p, A, V,3 (3) 


where K, is the basic loss coefficient. 
With rated velocity conditions, this 
is the energy which must be supplied 
by the fan and, taking into account 
fan efficiency nf, the fan shaft 
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Figure 3. Speed-torque characteristics of 
12,000-horsepower 570-rpm fan load 


Values of secondary resistance required 

with a single speed slip ring motor for 

2:1, 3:1, and 6:1 speed reduction also 
are shown 


power input is given by the equation 


_ Ko1/2p040 Vo% 


4 
nf X550 @) 


From equation 4 it can be seen that for 
a fixed throat cross section, the horse- 
power delivered from the main fan drive 
will be 


Kp, V3 
hp =—"2— (5) 
nf 
in which 
GEL 
~ 2X550 


and from which will be found an explana- 
tion for reducing tunnel static pressure 
(and therefore p,) sufficiently to increase 
materially the air velocity in the throat 
without increasing the power input. For 
example, assuming that fan efficiency is 
maintained (by pitch change) a reduction 
from one atmosphere to one-fourth atmos- 
phere in static pressure allows a velocity 
increase of approximately 58 per cent 
without increasing the horsepower input 
to the fan. This ability to study high 
velocity performance on models, without 
increasing fan input horsepower, prompted 
designers to provide for static pressure 
reduction in several modern wind tunnels. 
This equation also indicates that an in- 
crease in air pressure (and corresponding 
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pheric pressure, if 
held constant. Ree Se 

Summarizing, the change of sta 
sure above and below atmospheri 
sure has provided a means of ‘in 
the Reynolds number and the air’ 
respectively, without requiring a pr 
tionate increase of model size or fan hors 
power input. : ; 


Selection of Main Drive 


Wind tunnel power plants can and do- 
take many forms, depending upon the 


type of tunnel to be powered, and the 
purchaser’s preference. In this particu- 
lar instance we are considering electric 


drive, and as the tunnel is of the two di- 


mension or variable density type, with 
single rotation, the propeller drive unit 
will be mounted outside the tunnel pro- 
per—a construction detail which simp- 


; 


* 
| 


5 


} 


* 


lifies greatly the problem of the motor — 


design. Also, power requirements are 
quite moderate, therefore permitting 
the use of any of the various types of 
drives. 

The slip ring induction motor is perhaps 
the least expensive variable speed electric 
motor unit. This machine, with resist- 
ance in the secondary winding, has series 


oe 


characteristics, the speed being a func- | 


tion of secondary resistance and shaft 
torque. 


The conventional propeller system has — 


a torque characteristic which varies as the 
square of the speed for any established 
blade angle and air density. At rated 
speed, torque is, of course, 100 per cent, 
while at half speed it is 25 per cent. 
Jsually the minimum requirement for 
speed range is 6 to 1, with the torque re- 
quirement at one-sixth speed equal to 
approximately three per cent. This is, of 
course, far outside the practicable operat- 
ing range of a single speed slip ring motor. 
As a matter of fact, it taxes the perform- 
ance of a two speed or pole changing 
motor with a two to one synchronous 
speed, and a horsepower range of the 
order of 8 to 1. 

Such two speed drives have a point of 
discontinuity at the speed change point. 
They also require two slip regulators. 
With induction motors the speed varies 
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vith Lecter of Eanes voltage for a par- 
icular setting of secondary resistance and 
he propeller torque varies with changes of 
the model attitude, or change of model 
size in the test section. Corresponding to 
a change in load torque the induction 
motor speed will change, and the amount 
of change varies widely according to the 
amount of resistance in the secondary cir- 
cuit. This type of motor inherently 


when lightly loaded. Because of these 
characteristics this combination of ma- 
chines has not found complete acceptance 

on the part of wind tunnel operators. 

Economics, of course, play a major role 
Bin any large program of this nature, and 
the consultants for the subject project 
= wished to retain the economies of the in- 


a : 
_ duction motor drive for maximum power 


ie 


requirements, and supplement the single 
4 speed induction motor with some different 
_ type of speed control between minimum 
: a ay and half speed. 

5 * One of the fundamental tunnel speci- 
a ations was a 10 to 1 speed range which 


° 


operates at low power factor, especially _ 


obviously could not be met through the 
use of the slip regulator, as will be evi- 
dent from the speed torque requirements 
of a 12,000-horsepower 570-rpm propeller 
system (Figure 3). The parabola, of 
course, is the propeller torque curve, 
while the straight lines are the speed 
torque curves of the induction motor with 
_ various secondary resistances, with resist- 
ance values in per cent. The angle of the 
intersection (a) decreases rapidly below 
50 per cent speed. The slip regulator, 
however, should function successfully 
between half speed and full speed. 

Various systems were studied, but it 
was found to be most economical, for the 
rating involved, and yet fully reliable, 
mechanically, to combine the two basic 
adjustable speed drives, that is to combine 
an adjustable voltage (Ward Leonard) 
drive, with the slip ring motor and slip 


Figure 4. Schematic diagram of power cir- 
cuits of the fan drive of the Cornell Aeronau- 
tical Laboratory 


regulator to form a tandem drive. The 
adjustable. voltage drive is operating 
alone over the range of 10 per cent to 45 
per cent speed, while between 45 per cent 
and 100 per cent speed, both drives share 
the load: the d-c equipment providing the 
vernier control, so to speak, and the in- 
duction motor with its slip regulator the 
coarse adjustment. 

The basic power requirement for the 
tunnel was set at 12,000 horsepower at 570 
rpm for 30 minutes, the use of adjustable 
pitch propellers permitting this specifica- 
tion to fit into any tunnel pressure or air 
density. The power requirements of the 
conventional propeller vary as the cube of 
the speed. Thus, at half speed, or 285 
rpm, the torque is reduced to 25 per cent | 
rated, and the horsepower to 12.5 per cent 
or 1,500 horsepower. 

The d-c part of the drive, as noted pre- 
viously, provides the entire power to the 
propeller up to 45 per cent of rated speed, 
or 260 rpm. The motor rating of 1,250 
horsepower (continuous) is more than 
ample to meet this requirement. Speeds 
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higher than 260 rpm are provided by 
motor field weakening, at constant genera- 
tor voltage; that is, constant horsepower 
(1,250 horsepower) is available throughout 
the range 260-570 rpm. 

Power to this d-c motor is derived from 
a 1,000-kw motor generator set operating 
from the 4,800-volt 3-phase 60-cycle 
power supply. Generator voltage (Ward 
Leonard) control is used to obtain motor 
speed range 0-260 rpm. Obviously, the 
available horsepower then is reduced in 
proportion to generator voltage. The d-c 
motor and the motor generator are de- 
signed for continuous duty at their name- 
plate rating and are capable of carrying 
short-time loads of 200 per cent rating 
(that is 2,500 horsepower at full voltage). 

The induction motor was rated on a 
continuous basis of 9,000 horsepower at 
590 rpm and is capable of delivering 
11,250 horsepower for 30 minutes. The 
tandem unit has a total capacity of 
12,500 horsepower for 30 minutes, with 
ability to handle peak loads correspond- 
ing to a torque of 15,000 horsepower 
(torque) at 570 rpm. Figure 4 shows the 
general schematic diagram for this drive, 
the arrangement of the machines, and the 
power supply. Figure 5 shows the tandem 
drive unit installed. 


Speed and Load Control 


The d-c part of the drive serves as a 
means of controlling the speed and of 
maintaining it at the value preset by a 
.master rheostat. The slip regulator is 
used for controlling the division of load 
between the d-c motor and the induction 
motor. A schematic diagram indicating 
the speed and load control system is 
shown in Figure 6. 


558 TRANSACTIONS 


Figure 5. Motor room of Cornell variable 
density wind tunnel 


In background is 4,800-volt metal-clad switch- 
gear and main drive control. In center is 
10,250-horsepower continuous rated tandem 
motor set and 1,000-kw motor-generator set. 
In foreground are adjustable frequency system 
machines and on left its control and control 
center for all motor room auxiliaries 


The drive is started from rest by gen- 
erator voltage control using the 1,250- 
horsepower d-c motor only; the induction 
motor remains disconnected from its 
power supply during this starting period. 
In this manner speeds up to 260 rpm are 
obtained. Above this speed the power 
requirements of the fan exceed the rating 
of the d-c machines, and the induction 
motor is connected automatically to the 
line with the slip regulator in its “all 
resistance in” position. The “load con- 
trol” responsive to the direct current in 
the armature circuit of the 1,250-horse- 
power motor causes the slip regulator to 
change the secondary resistance of the 
induction motor until the latter assumes 
load such that the a-c motor and the d-c 
motor each are loaded to approximately 
the same percentage of their rated ca- 
pacity. 

The load proportioning is effected by 
use of an amplidyne regulator. Stated 
briefly, it operates in the following 
manner: A voltage proportional to the d-c 
motor armature current is compared with 
a voltage which varies inversely as the 
height of the slip regulator electrodes. 
The difference of these two voltage sig- 
nals is applied to the field of an ampli- 
dyne generator. The armature of this 
amplidyne is connected to the armature 
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eee the cae 5 resistance of 
the induction motor causing it to trans- 
fer load to or from the d-c motor until 
the two signal voltages are equalized, pus 
the electrode motor stops. 

The speed of the drive is maintained | 
means of an electronic-amplidyne regula- | 
tor as follows: The drive is equipped with | 


"a permanent (Alnico) field tachometer 


generator. Its voltage is compared with © 
a potentiometer connected across a regu- 
lated 125-volt d-c reference source. The 
position of this potentiometer determines — 
the speed at which the drive operates. 

The difference between the voltages of 
the tachometer generator, on the one — 
hand, and the potentiometer, on the — 
other hand, is applied to the grid of an 
electronic tube. Thus amplified, this 
voltage then is applied to the regulating 
field of an amplidyne exciter. The latter 
controls the voltage of the 1,000-kw d-c 
generator, and regulates speed to preset 
values throughout the speed range. Thus, 
if the tachometer voltage is lower than it 
should be, the drive is speeded up until 
the proper speed level is reached. 

An amplidyne exciter also supplies the 
field of the 1,250-horsepower d-c motor. 
The field current of this motor is held con- 
stant for speeds between 0 and 260 rpm 
and is preset at lower values (by the mas- 
ter rheostat) for speeds between 260 and 
570 rpm. 


Power Factor Control 


As will be appreciated readily, a large 
induction motor operating at light load 
would have a very poor power factor, 
drawing in this instance about 2,200 reac- 
tive kva. To bring this power factor up 
to 95 per cent minimum (lagging) for all 
conditions of operation, the synchronous 
motor on the motor generator set has a 
rated output at 50 per cent power factor, 
leading, and a power factor regulator was 
added to the control. Thus, when the in- 
duction motor is connected, the power 
factor regulator automatically comes into 
play, the leading kilovolt-amperes of the 
synchronous set counteracting the lagging 
kilovolt-amperes of the induction ma- 
chine. 

This regulator is responsive to the 
power factor in the incoming 4,800-volt 
feeder supplying both the 9,000-horse- 
power motor and the 1,000-kw set and 
controls the excitation of the 1,450-horse- 
power synchronous motor to maintain 
this power factor at the high value men- 
tioned. Figure 6 shows schematically the 
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ain Power Supply 


_ The availability of an adequate power 
supply is an important consideration in 
determining the location of an installation 
- of this type. 
The power system must be selected to 
handle high intermittent loads corre- 
a "sponding to full power running of the tun- 
E nel, although total energy consumption is 
_ comparatively small, For example, the 
s Cornell tunnel will have 20-minute peaks 
y: of approximately 10,000 kva which will 
_ occur when running the tunnel at top air 
speed. Such tests would consume per- 
ag ten per cent of the running time of 
~ the tunnel, while the majority of tunnel 
- tests will have power demands of less 
_ than half this value. It will be remem- 
_ bered that the power required varies as 
the cube of the air speed; for example, a 
_ half speed test in the tunnel requires only 
‘one eighth the power of a full speed run. 


An adequate power supply for the 
- Cornell tunnel is provided by a short over- 
_ head stub feeder from the 115-kv 3-phase 
60-cycle transmission line of the Niagara 
- Lockport and Ontario Power Company. 
The laboratory end of the feeder line is 
terminated on an outdoor substation 
structure. This structure mounts 115-kv 
manually-operated disconnect switches, 
thyrite lightning arresters, and boric acid 
fuses, connected ahead of the trans- 
former as shown by the schematic diagram 
in Figure 4. The transformer is a 3-phase 
oil-immersed unit rated 7,500-kva self- 
cooled, or 10,000-kva forced ventilated. 
It steps down the voltage from 115 kv to 
4,800 volts. The ventilating fans are 
started automatically as a function of 
transformer temperature or whenever the 
- tunnel fan drive is run above a predeter- 
mined speed. 

The secondary winding of the trans- 
former is throat connected through the 
wall of the wind tunnel motor room, at 
first floor ceiling height. After passing 
through a secondary metering room the 
4,800-volt copper tube bus connection is 
carried up through the first floor ceiling 
directly into an incoming feeder unit of a 

- metal-clad switchgear line-up. Figure 4 
shows, diagramatically, the electrical 
layout of the 4,800-volt switchgear, the 
air circuit breaker ratings, and the pro- 
vision for future extension of the system. 


4800 VOLT 


1250-HORSEPOWER 
- D-C MOTOR 


TACHOMETER 
GENERATOR 


Figure 6. Elementary diagram showing speed- 
load, and power factor regulating features, in- 
corporated in control of fan drive 


Powered Model Testing 


It has been pointed out how the force 
acting on a model airplane may be meas- 
ured in the test section of the wind tunnel. 
The lift and drag, of course, are deter- 
mined readily, but the behavior of the air- 
plane under the resultant forces imposed 
by its power plant have not been deter- 
mined. These forces may be provided by 
building a power plant in the model air- 
plane. An electric motor is used in place 
of the gasoline engine. The model, of 
course, will be an exact scale model. If 
this model is one tenth the size of full-scale 
model, the propeller will be one-tenth the 
diameter of the actual propeller. Its 
speed, therefore, must be ten times the 
speed in order to maintain the model 
propeller tip speed at the same value as 
that of the full-scale propeller. If the 


rated speed of the actual propeller is 900 
rpm, the model must run at 9,000 rpm, 


AvuGUST-SEPTEMBER 1946, VoLUME 65 Clymer, de Ferranti—Wind Tunnel 


3 PHASE 60 CYCLE 


a ; ‘ 


4as+6 ‘ 
INCOMING 
FEEDER 


°1 POWER FACTOR 


REGULATOR 
20-KW 
D-C EXCITER 
]000-KW —_1450:HORSEPOWER 
DO-G 0.5 POWER FACTOR 


GENERATOR SYNCHRONOUS 
: MOTOR 


LOAD PROPORTIONING 
REGULATOR 


and power requirements are reduced in- 
versely as the square of the scale. 

The high frequency motors used for this 
purpose are quite special. Space limita- 
tions are usually quite severe. Consider, 
for instance, the one-tenth scale model. 
If the nacelle frontal diameter is 40 inches, 
the model can be but four inches. If the 
output of the full-scale engine is 1,800 


horsepower, the model must be 18 horse- 


power. It is then no mean task to build 
an 18-horsepower motor with a diameter 
of four inches. Motors of this type are 
water-cooled; that is, the frame includes a 
water jacket. Air cooling is not practi- 
cable because the discharge of air pro- 
duces a jet effect, and this would affect 
the accuracy of the results. 

Model motors are almost without ex- 
ception tailor-made. Speeds as high as 
80,000 rpm at 0.1-horsepower 1°/,-inch 
diameter have been provided, and horse- 
powers as high as 3,000 at 2,400 rpm at 
the other extreme with a diameter of 29 
inches. Figure 7 shows some of these 
machines. A motor of 300 horsepower at 
20,000 rpm also has been built, in the 
type of construction shown. Figure 8 


Figure 7. Water-cooled induction motors for 
use in airplane powered models 


A. 1,000 horsepower, 2,200 rpm, 28 inches 
in diameter by 39 inches long 


B. 200 horsepower, 5,000 rpm, 10 inches in 
diameter by 21 inches long 


C. 950 horsepower, 10,800 rpm, 9 inches 
in diameter by 19 inches long 
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‘ shows a Sitter ottdion unit. 


consists of two motors built in tandem; — 
one has a hollow shaft. This is provided 
for counterrotation propeller studies. 


Figure 8. Contraturning water-cooled induc- 
tion motor for airplane powered model 


Hollow shaft unit (front) and solid shaft unit 
(rear) each are rated 75 horsepower at 3,000 
rpm. Over-all diameter of motor is ten inches 


Such speeds require a power supply at 
high frequency. These frequencies may 
be obtained with alternators, or frequency 
converters. Reference to Figure 9 will 
show, at the top, a 5-unit set driven by a 
400-horsepower 1,200-rpm synchronous 
motor, operating from the 440-volt 60- 
cycle supply. The alternators A and B, 
each rated 156 kva, 440 volt, 60 cycle, 
furnish power to frequency coriverters A 
and B, respectively. The d-c generators 
A and B, each rated 100 kw, 250 volt, 


supply power to 140 horsepower 960/- 


1950-rpm d-c motors driving, respectively, 
these converters A and B. By varying the 
voltage of generators A and B, the speed 
of the converters A and B is adjusted. 
In this manner, the converters, receiving 
electric power at 60 cycles at their collec- 
tor rings, change it to 60/450 cycles at 
their stator output. This output is used 
to operate the model motors at the re- 
quired high speed. The voltage of this out- 
put is regulated by controlling the field 
of the corresponding alternator A or B. 

With two independent frequency con- 
verters available, it is possible to operate 
them either in parallel, or separately, at 
different frequencies. This arrangement 
also readily permits studies in counter- 
rotation of model motors and propellers. 
Counterrotation, as is well known, per- 
mits the use of smaller propellers, that is 
propellers with less sweep, and the torque 
on the airplane balances out. Although, 
in practice, contrarotating propellers 
have been driven, through gears, by a 
single power plant, the two independently 
adjustable power supplies described in the 
foregoing permit the study of counter- 
rotation at various ratios between the two 
propeller speeds. The two independent 
power supplies also make it possible to 
perform a test in the tunnel at the same 
time as calibrating a second model motor 
in the dynamometer room. 


The capacity of the adjustable fre- 
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type and scale of airplane models to ‘be " 


tested. As will be appreciated from — 
earlier discussion of powered models, the 
horsepower capacity of the model motor 
goes up but the frequency of its supply 
must come down, as the scale of the model 
is reduced. Also affecting the capacity of 
the adjustable frequency system required 
at various frequencies is the fact that both 
single propeller and multipropeller models 
will be tested. To satisfy these require- 
ments the designers specified that each 
frequency changer should deliver 125 kw 
at 150 cycles and 50 kw at 450 cycles. 
The induction frequency converter de- 
signed to meet the first requirement has 
a capacity of 375 kw at 450 cycles. While 
each converter is inherently oversize at 
the high frequency, the driving motor of 
each frequency changer set can be se- 
lected to meet more exactly the require- 
ments without excess capacity. The d-c 
driving motor of each frequency changer 
set is rated 140/75 horsepower 950/1,950 
rpm at 250 volts. It is started from rest 
by generator voltage control, and oper- 


ated in this manner up to 950 rpm. The 


frequency output of the converter which 
it drives varies correspondingly from 60 
cycles to 250 cycles. Above this point the 
generator voltage is maintained at 250 
volts, while the d-c motor speed is in- 
creased to 1,950 rpm by weakening its 
field. Frequency of the converter output 
varies correspondingly from 250 to 450 
cycles. Under these conditions of opera- 
tion the d-c motor load increases from 
0 to 140 horsepower at 950 rpm, then de- 
creases gradually from this speed to 75 
horsepower at 1,950 rpm. 


GENERATOR ALTERNATOR 
A A 


Figure 9. Schematic diagram 
of adjustable frequency supply 
system 
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ce ee a ‘faethe parties of 
wide voltage range, on the adjusta 
frequency power supply. To satisfy this 
requirement each frequency converter is 
arranged for reconnecting the stator wind- _ 
ing to operate either as a single circuit 
delta or double circuit delta machine. — 

This power supply equipment is 
unique in that electronic control is used on _ 
the generator field, motor field, and the ; 
converter exciter (alternator) field, Such : 
control is new, of course, only in this par- 
ticular field, it having been applied suc- — 
cessfully on wind tunnel main drives where | 
very special characteristics were desired. 
It also has been used on many ieee 
industrial drives. This type of control 
saves space and lends itself readily to the — 
extreme flexibility needed for a laboratory _ : 
tool of this type. 

A unique feature incorporated in this . 
installation, and made possible by the 
electronic control, is a volts-per-cycle 
regulator of the converter output. 
This is of extreme value in the opera-— 
tion of model motors because of the 
need to operate nearer to the flux 
saturation point in this design of motor 
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than in more conventionally designed in- 
4 duction motors. 

an 
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d ‘Model Motor Calibration 


4 When testing a eae model in a 
» wind tunnel it is, for aerodynamic rea- 
' sons, necessary to control accurately the 
power delivered to the model propellers, 
_ according to the lifting force on the air- 
plane model, as indicated by the wind 
_ tunnel balance system. The power input 
to the propellers may be determined either 
by direct torque and speed readings or by 
deduction from the electric power input 
to the model motors. The Cornell in- 
_ stallation is equipped to use the latter 
method. In this method it is first neces- 
sary to calibrate the model motors for 
mechanical power output versus electric 
power input over the full range of torque 
and speed through which the motors can 
operate safely. A cradled dynamometer 
to perform this calibration for a specific 
motor presents no new problems but the 
selection, design, and manufacture of 
dynamometer equipment which will cali- 
brate accurately all model motors to be 
used in one wind tunnel calls for many 
special features. 

The selection of adequate capacity, 
range, and flexibility in the dynamometer 
installation must depend largely on the 
aerodynamicists’ advice of what powered 
models can be tested in the tunnel, and 


i 


A 
a 
‘ 


his predictions of what will be tested. . 


Based on such information, the design 
consultants for the Cornell tunnel de- 
fined an envelope of maximum horsepower 
and speed ratings of model motors to be 
calibrated on the dynamometer installa- 
tion. This envelope is shown in solid 
lines in Figure 8. Specifications for cali- 
brating equipment also required that, for 
any specific motor with maximum rating 
falling anywhere within the afore-men- 
tioned envelope, the motor maximum 
torque be indicated accurately to within 
plus or minus one-quarter percent. Fora 
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model propeller driving motor the maxi- 
mum torque and maximum horsepower 
output will occur, of course, at maximum 
speed. For torque measurement below 
the maximum output it is desirable to 
indicate torque with an absolute error not 
greater than that corresponding to one- 
quarter per cent of the torque at maxi- 
mum output of the motor on test. 

It is also necessary to be able to cali- 
brate all motors over a wide range of speed 
and torque. In Figure 10, a point d repre- 
sents the maximum output of a motor for 
which calibration is required. The area 
d, ¢, f, g, indicates the full range of speeds 
and torques for which calibration of this 
motor is required. 

Consideration of a few points in the 
envelope shown in Figure 10 gives a 
better conception of the total range of 
torques for which calibration equipment 
must indicate accurately. Consider the 
200-horsepower 3,500-rpm model motor 
represented by point a. Its torque at 
maximum output is approximately 300 
foot-pounds and it should be calibrated 
down to 80 foot-pounds torque. Then 
the 35-horsepower 16,000-rpm model mo- 


Figure 11. Water- 
cooled model motor 
being calibrated on a 
35-horsepower 15,- 
000/27,500-rpm_in- 
duction-type dyna- 
mometer 
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tor is represented by point b. Its torque 
at maximum output is approximately 11.5 _ 
foot-pounds and it should be calibrated — 


down to 1.15 foot-pounds torque. Fi- 


nally the 2-horsepower 27,500-rpm motor — 


is represented by point c. Its torque at 
this maximum rating is approximately 
0.38 foot-pounds and it should be cali- 
brated down to 0.038 foot-pound torque. 


It is desirable to calibrate completely a * 


model motor, throughout its speed and 
torque range, on a single dynamometer 
or, at most, on two dynamometers. On 
the other hand, therequirement of high: ac- 
curacy over such a wide range of torques 
and speeds makes it desirable, from 
a design standpoint, to use several dyna- 
mometers to cover the range. In selec- 
tion of machines to cover these require- 
ments, consideration was given first to 
eddy current inductor-type dynamom- 
eters. In this design, mechanical power 
input to the dynamometer is converted 
into eddy current losses within the ma- 
chine. These losses are removed from the 
machine by cooling water conducted to 
and from the cradled machine by flexible 
hoses. It is obvious that this type of ma- 
chine can absorb only mechanical power 
and that the minimum torque which it 
can measure is that required to overcome 
friction and windage losses within the 
dynamometer. Although machines of 
this type are suitable for model motor 
testing from the standpoint of speed and 
required capacity, friction and windage 
are higher than desirable from the view- 
point of precision testing. Also, the 
necessity of cooling water hose connec- 
tions is a handicap to attaining the re- 
quired accuracy of torque measurement 
on this installation. 


On the basis of using three dynamom- 
eters to cover the complete envelope of 
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requirements, design studies indicated 
friction and windage losses to be in excess 
of the minimum torque values to be 
measured. Apart from any other con- 
siderations, this called for some means of 
supplying electric power to the stator of 
the dynamometer to compensate for the 
friction and windage losses. The sub- 
stitution of induction-type machines in 
conjunction with adjustable frequency 
absorption equipment satisfies these re- 
quirements. 

The induction-type dynamometer used 
consists of a squirrel cage induction motor 
with the stator cradled in oscillating trun- 
nion bearings. Connections to the stator 
windings are made through mercury cups 
in order to minimize inconsistent inter- 
ference which would reduce the precision 
of these instruments. These dynamom- 
eters act as induction generators, or in 
some cases (as explained later) as induc- 
tion motors, and heat to be removed 
represents no more of a problem than in 
conventionally designed induction motors 
of equivalent rating. Ventilation is pro- 
vided by constant speed blowers mounted 
on the cradled dynamometers, and con- 
nections are carried through mercury 
cups. 

Reference to Figure 10 shows, by the 
shaded areas, the manner in which three 
cradled induction dynamometers were 
selected to cover the envelope of horse- 
power speed requirements for this installa- 
tion. 

Dynamometer A has a 100-horsepower 
absorption rating over a speed range of 
3,500 rpm to 10,500 rpm. It is of solid 
shaft construction and when used, alone, 
will operate up to 16,000 rpm, at which 
speed the absorption capacity required is 
30 horsepower. It also may be operated 
with dynamometer B either in tandem or 
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Figure 12. Schematic’ diagram 


of dynamometers and power 
absorption equipment connec- 
tions — 
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for testing of contraturning model motor 
units. For either of the latter two me- 
chanical arrangements, top speed is 
limited to 13,000 rpm, at which speed 
dynamometer A has the required capacity 
of 55 horsepower. Dynamometer B has a 
100-horsepower absorption rating over a 
speed range of 3,500 rpm to 10,500 rpm. 
It is of hollow shaft construction, ar- 
ranged for use with dynamometer 4, 
either in tandem or for testing of contra- 
turning model motor units. Under either 
of these conditions it may be operated up 
to a maximum speed of 13,000 rpm, at 
which speed it has the required capacity 
of 55 horsepower. 


Figure 13. Operators’ console in control 
room of Cornell variable density wind tunnel 
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60-cycle sitiecet”s cage duction” mo} 
Induction frequency converters A‘ and 
each are rated 70-kw absorption and ea 
connected to a 75-horsepower (input) 2é 
volt 500/1,800-rpm d-c generator. Pas | 
of the dynamometers A and B are of 2- 
pole construction and their synchronous — 
speed frequencies corresponding to a t 
speed range of 1,125 to 16,000 rpm are ~ 
between 18 and 267 cycles. The con- — 
verters A’ and B’ are designed to receive - 
power on the slip rings over this frequency ~ 
and, by varying the speed of d-c genera-— 
tors A’ and B’, deliver power from the 
stator to the 60-cycle system. The speed 
of generators A’B’ is changed between 
0 and 500 rpm by armature voltage 
control. Above this value, armature 
voltage is maintained at 250 volts and 
speed is increased to 1,775 rpm by field 
weakening. At this point frequency on 
the converter slip rings is 267 cycles 
corresponding to 60 cycles at the stator 
terminals. 

Consider the method of operating this 
system to calibrate test motor A on dyna- 
mometer A. The constant speed set, of 
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connecting the 125-horsepower a-c motor 
P. the 440-volt 60-cycle line. Converter 
A’ with stator winding connected to the 
0- cycle line then is started from the d-c 
end in the same direction of rotation as its 
magnetic field. The speed of this set is 
raised by armature voltage control until 
the frequency on the slip rings of the con- 
verter is about five or ten cycles. At this 
point dynamometer A, with its model 
. _ motor mechanically doanecied but elec- 
3 _ trically isolated, is connected electrically 
to frequency converter A’. The fre- 
; quency applied to dynamometer A then is 
_ raised by first lowering the speed of the 
_ converter close to zero revolution per 
minute, then reversing it and raising the 
_ speed in the opposite direction. When 
‘the desired minimum test speed for the 
_ model motor is reached, its supply fre- 
"quency will be matched, and the motor 
- will be connected to its supply. Inciden- 
_ ‘tally, this procedure for connecting the 
model motor to its supply also is followed 
for a model motor in the tunnel. In this 
~ case the model propeller with its motor is 
“windmilled” by the tunnel air stream, 
' and the power supply must be matched 
_ to the motor speed before connecting it to 
the motor. In order to load the “test” 
motor, while its speed is held constant 
by its power supply, it is merely neces- 
sary to slightly lower the frequency at the 
terminals of dynamometer A. This is 
accomplished by vernier adjustment of 
the field of motor A. 

The 35-horsepower dynamometer is 
operated in a similar manner by connect- 
ing it to a suitable adjustable frequency 
source. 


.- 
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Conclusion 


These are some of the problems to be 
considered in the application of electric 
equipment for an installation of this mag- 
nitude. There are, of course, many 
others. However, this indicates to some 
degree their nature and complexity. 

_ More than that, it demonstrates how im- 
portant is the correct selection of electric 
equipment. 

Other laboratory facilities will have 
comparable problems, but electrical en- 
gineers will find that all demand the 
same approach. A careful analysis must 
be made, a practical, thorough, and 
detailed study of the performance ex- 
pected by the scientists who are going to 
operate the new instrument. 
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F.3 Lead Alloy An Improved 


Cable Sheathing 


L. F. HICKERNELL 


FELLOW AIEE 


PERATING EXPERIENCES have 

demonstrated that the attainment of 
good service reliability of most electric 
power cables has become substantially 
more a function of the characteristics of 
the sheath than of the insulation. Mod- 
ern underground installations of impreg- 
nated-paper-insulated, lead-covered power 
cable include 


1. Solid-type cable with 

(a). Compound-filled joints without reser- 
voirs. 

(6). Oil-filled joints with reservoirs. 

2. Oil-filled cable operated at 10- to 15- 
pound gauge pressure. 

8. Gas-filled (or pressure) cable operated at 
(a). Low pressure (10- to 15-pound gauge). 
(b). Medium pressure (24- to 40-pound 
gauge). 

(c). High pressure (150- to 300-pound 
gauge). 


Aerial installations, in which the cable is 
suspended by rings to a messenger strung 
between poles, consist generally of the 
same basic cable designs. 

Depending upon the type of cable and 
installation, modern requirements for lead 
sheath include some or all of the following 
properties in addition to the time-honored 
criteria of strength, ductility, hardness, 
“‘cleanliness,”’ and concentricity : 


1. Resistance to slow bending fatigue re- 
sulting from movement in the manholes 
caused by expansion and contraction during 
daily load cycles. 


2. Resistance to creep (expansion) at low 
internal pressures (10- to 30-pound gauge). 


8. Resistance to burst caused by high in- 
ternal pressures developed at the bottom of 
slopes and vertical risers, in pressure-type 
cable systems, and in solid-type cable sys- 
tems having reservoirs of oil, connected to 
the joints. 


4. Resistance to abrasion caused by instal- 
lation and movement in ducts. 


Paper 46-115, recommended by the AIEE com- 
mittee on power transmission and distribution for 
presentation at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946. Manuscript 
submitted April 29, 1946; made available for 
printing May 8, 1946. 


L. F. Hickernevy is chief engineer, and C. J. 
SNYDER is engineer in charge, metallurgical labora- 
tory, Anaconda Wire and Cable Company, Hast- 
ings-on-Hudson, N, Y. 


The authors are indebted to many of their engineer- 
ing associates who have assisted in the test program 
and preparation of this paper and wish to make 
specific acknowledgments to A, A. Jones, Anaconda 
Wire and Cable Company, and G. E. Johnson, 
International Smelting and Refining Company. 


AuGuUST-SEPTEMBER 1946, VoLumE 65 Hickernell, Snyder—F-3 Lead Alloy 


C. J. SNYDER 


NONMEMBER AIEE 


5. Resistance to vibration fatigue caused 
by traffic on any type of installation and 
by wind on aerial cable. 


6. Stability from age-hardening or self- 
annealing so that the foregoing properties 
are retained throughout the life of the cable 
and so that the cable can be withdrawn from 
ducts and reinstalled without cracking the 
sheath. 


7. Workability, which facilitates melting 
and extruding as sheath with sound welds 
and uniform composition. 


8. Corrosion resistance. 


Some commercial grades of lead have 
given satisfactory service in a great many 
installations, especially up to about 20 
years ago. The sheaths have become in- 
creasingly the limitation!—* on the service- 
ability of power cable with the advent of 
the following: 


1. Decrease in viscosity of impregnating 
compound. 


2. Use of oil reservoirs connected to joints. 
3. Improvement in thoroughness of insula- 
tion impregnation. 

4. Increase in maximum allowable tem- 
peratures for normal operation. 


5. Establishment of still higher tempera- 
tures for emergency operation. 


Item 5 was the last to occur, and its use 
has accentuated the need for an improved 
cable sheathing. 

Numerous lead alloys have been de- 
veloped to overcome these difficulties, but 
each, it seems, is lacking in one or more 
important property. 

Antimony alloy (0.75 to 1.0 per cent) 
has poor creep resistance® and undergoes 
change in properties with age,’ including 
loss in ductility. 

Tin alloy (two per cent) has relatively 
poor creep resistance® and about the same 
or slightly better resistance to vibration 
fatigue than the best commercial grades of 
lead (refer to Figure 13). 

Cadmium-antimony and cadmium-tin 
alloys, known as BNF alloys, offer extru- 
sion difficulties, age-harden, and have 
poor creep resistance.® 

Calcium alloys (0.025 and 0.031 per 
cent) are difficult to extrude (very drossy) 
and undergo slow and serious age harden- 
ing, which has caused troubles to develop 
in a few years of service because of brittle- 
ness and early cracking in the manholes.? 
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Tellurium alloy (0.05 to 0.10 per cent) 
tends to segregate in the welds during ex- 
trusion and, according to unpublished 
data, has poor creep resistance. 


An Improved Lead Alloy 


To satisfy the need for a lead alloy hav- 
ing the desired improved properties, the 
Anaconda organization instituted a re- 
search program to develop a suitable alloy. 
The best material developed in this pro- 
gram is known as F-3 lead alloy.!° It is 
composed of arsenical lead containing 
small amounts of tin and bismuth. This 
new material when suitably hardened by 
heat treatment also has physical properties 
which may meet the requirements set for 
medium-pressure gas-filled cable. The 
sheaths are characterized by their strong 
tough welds, outstanding resistance to 
bending fatigue, excellent creep resistance, 
and bursting strength. 


Chemical Composition 


The chemical composition used for the 


F-3 alloy pig metal is 

(ATROMICNCAR) 4.c\c\slataleleloie sors FN Se sin diet 0.15 per cent 
BAL (SoH) ee, octisieicis lee eimsoiehensereiays woe oes 0.10 per cent 
BismuthelBil. . cwwies cscs cass cease 0.10 per cent 
Soppeci(Cuye.:. deste asis sts Cverhes are tions Minimum 
Anti minty: (SB) 5 sisice cious s wie iste ovis w ae Minimum 
Mead Pb) 25% sce ke os te cts So oats 99. 65percent 


This alloy is extruded in conventional 
equipment with the same technique em- 
ployed in handling commercial grades of 
lead. It is a ‘‘clean” alloy not subject to 
excessive drossing associated with some 
other lead alloys. This feature results in 
strong welds and facilitates the making of 
wiped joints. Beginning early in 1945, a 
number of large orders of paper-lead cable 
with F-3 alloy sheath have been produced, 
shipped, and installed without difficulty. 


Bending Resistance 


The current carried by a power cable 
usually varies in a daily load cycle which 
causes a daily variation in temperature. 
This variation produces longitudinal ex- 
pansion and contraction of the cable which 
accumulates in the manholes where expan- 
sion loops are provided. The accompany- 
ing daily bending of the cable in the man- 
holes has, in some cases, broken the 
sheaths. Repairs have not proved very 
satisfactory, and in many cases replace- 
ment of lengths of perhaps 300 to 500 feet 
of cable has been necessary. For many 
installations, current-carrying capacityand 
life of the cable are determined more by 
the ability of the sheath to withstand such 
slow bending than by the ability of the in- 
sulation to withstand the voltage.?® 


564 TRANSACTIONS 


TENSILE STRENGTH — PSI 


6S -h 


0.025% © 
0.75% Sb 


2180 
8B 


2 
TIME — YEARS 


Figure 1. Age hardening 


Room temperature 


Tests have been conducted on the bend- 
ing of various types of cable at room tem- 
perature and elevated sheath temperature. 
The results obtained on accelerated cyclic 
bending, 0.5-inch cable movement at each 
duct mouth, indicate that the life of F-3 
sheath is between three and four times the 
life of copper-bearing lead sheaths on the 
same kind of cable. 


Abrasion Resistance 


A large majority of underground cables 
in this country are pulled into ducts. In 
recent years increasingly longer lengths 
and larger and heavier cables have been 
used. In some cases as much as seven tons 
or more of cable have been installed in one 
pull. Irregular ties or pebbles in the ducts 
cause scoring of the sheath. Also, it is sub- 
ject to bruises in handling and working 
around it. After it is installed, expansion 
and contraction with daily changes in tem- 
peratures cause continual movement dur- 
ing the life in service. 

In aerial cable, abrasion resistance is 
needed, not only to withstand the effects of 
installation and of cable movement caused 
by expansion and contraction, but also to 
minimize cutting of the sheaths at the rings 
which support the cable. 

The most suitable indication of abrasion 
resistance is the hardness test, although it 
is recognized that some factors other than 
those involved in such tests are influential. 
The relative hardnesses of various lead and 
lead alloy materials are shown in Table I. 

These hardness data apply to extruded 
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material which has aged at room tempera- 
ture for about three to eight months. Gen- 
erally, lead alloys grow appreciably harder 
with age, but the hardness of F-3 alloy re- 
mains about the same. 

While hardness is desirable to obtain 
abrasion resistance, the harder materials 
usually lack ductility and break under ten- 
sile stress with very small elongation. Age- 
hardening materials lose generally in duc- 
tility with age, becoming in some cases too 
brittle for use. The new F-3 alloy has both 
hardness and good ductility which is re- 
tained with age, asis shown later. 


Long-Time Aging 


The F-3 alloy does not harden with age, 
as calcium, antimony, and to some extent 
tin alloys do. Instead of an increase in 
tensile strength, a slight decrease occurs, as 
is shown in Figure 1. These data were ob- 
tained from tests of water-quenched tubes 
which were aged and tested at room tem- 
perature. Similar results were obtained in 
tests of sheath removed from cable. 

Materials which harden appreciably 
with age lose ductility, a fact which is 


Table |. Hardness of Lead and Alloys 


Room Temperature 


Brinell 
Sample Hardness 
Number Material Number 
Z264 5. sans Desilverized lead—A ...... 3.9 
OT SOs ashe Copper'lead?"*. 7 Wheat s 4.5 
2 BOG si ewaten's Chemicallead = = wc. ae 4.5 
B 4585). wack: 0.025 per cent calcium...... 8.1 
+, 014A Cre F-3:alloys.ic.i) 2 a eee 8.4 
4 Bl Que cae ols 2 percent tin, ee eee 9.0 
Li 228tinees <e 0.031 per cent calcium...... 10.4 
By Wkehviargis. sxe 0.75 percent antimony...... 10.4 
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_ shown by decreasing amounts of elongation 
 tofracture in tensile tests of strips removed 
_fromcable sheaths. F-3 alloy has given an 
- elongation to fracture of about 23 to 30 per 
cent throughout the four or five years 
- during which tests have been made. Fur- 
ther information on this characteristic is 
given under ‘‘Fracture and Ductility.” 


: Creep Resistance 


Resistance to creep under tensile stress 
is especially beneficial for sheaths on oil- 
filled and gas-filled cables and on solid-type 

cable having a hydrostatic head of oil. In 
all of these the continuous internal pressure 
tends to expand the sheath. Under rela- 
tively low stress for periods of years, the 
safe expansion of commercially pure lead 
sheaths is much less than the 30 to 50 
per cent obtained to fracture in short-time 
tensile tests. It is of the order of three to 
five per cent. For most of the alloys the 
elongation that can be expected without 
fracture is less than that for lead in both 
short-time and long-time tests. 

In solid-type cable having no additional 
’ oil available, the sheath is expanded by 
bending during installation and by thermal 
expansion of the conductors and insulation 
within the sheath. Since lead has little 
elasticity, a large part of the expansion 
remains as permanent distension of the 
sheath, leaving a gap on the inside. Void 
spaces thus are produced which are likely 
to appear in the insulation. Such voids are 
detrimental to the electric strength of the 

insulation in high-voltage cables. Thus 
good creep resistance is beneficial in obtain- 
ing long life for both the sheath and the 
insulation. 

Tube or sheath specimens 15 inches long 
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Figure 2. Creep of tubes 


61-pound gauge, room temperature 


and without cable inside were sealed with 
compression fittings and subjected to con- 
stant internal oil pressures.12 The creep 
(that is, increase in tube diameter) was 
measured by a special type Al-SR4 strain 
gauge!® over a period of from one to five 
years. This method was found capable of 
measuring changes in diameter in the order 
of 0.002 per cent. Test lines were operated 
at gauge pressures of 61, 42, and 35 pounds 
at room temperature and at 35 pounds at 
65 degrees centigrade. 


Figure 3. Creep of tubes 
35-pound gauge 


INCREASE IN DIAMETER —°PERCENT 


Typical data, selected from the 105 sam- 


ples tested, are shown in Figures 2 and 3 


in diameter with time. From Figure 4 in 
which the data are shown as creep rates, it 
is evident that F-3 alloy has a creep resist- 
ance at room temperature about 45 times 
that of copper-lead and 25 times that of 
chemical lead at a stress of about 500 to 
600 pounds per square inch and at least — 
equal to any heretofore known lead-alloy 
sheath material. The curves in Figure 3 
for creep at 35 pounds (approximately 300 | 
pounds per square inch hoop stress) indi-. 
cate that F-3 alloy has about 30 times the 
creep resistance of copper-lead at room 
temperature and about ten times that of 
copper-lead at 65 degrees centigrade. 


Fracture and Ductility 


BURSTING STRENGTH OF TUBES 


Tube specimens 15 inches long were 
tested at various stresses and the time re- 
quired for failure obtained as described by 
Bassett and Snyder.1? 

Figure 5 shows the data obtained for F-3 
alloy and other materials. (This figure is 
essentially the same as Figure 7 of refer- 
ence 12 with a few deletions and the ad- 
dition of new data.) 

Data from fracture tests of lead show 
customarily that at low stresses, such as 
400 and 600 pounds per square inch, lead - 
alloys do not have as much advantage over 
common lead and copper-lead as their ten- 
sile strengths would indicate. At higher 
stresses, such as 1,000 and 1,500 pounds 
per square inch, the alloys, of course, are 
better. Figure5 shows that in these tests at 
room temperature, F-3 alloy has bursting 
characteristics different from other alloys. 
It seems to retain its strength ratio to 
copper-lead equally at all stresses. 


TIME — HOURS 
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CREEP RATE - PERCENT PER YEAR 
o 


> | OESILVERIZED 
© | CHEMICAL 


This behavior leads to another point, 
that of the type or appearance of the fail- 
ure. It has been observed that when lead 
fails under static long-time load at stresses 
up to approximately 30 per cent of ulti- 
mate strength (too low to cause appreci- 
able plastic flow), the fractures are inter- 
crystalline.!2-1415 This type of failure is 
referred to as “‘stress cracking.”’ The types 
of fracture produced by burst tests for 
commercial grades of lead and some alloys 
were described by Bassett and Snyder. 

Figures 6, 7, and 8 show the type of 
failure obtained with F-3, calcium, and tin 
alloys. Other illustrations appear in refer- 
ence 12. 

No sample of F-3 alloy has failed in these 
bursting tests at stresses of 1,000 pounds 
per square inch or less, even though speci- 
mens have been on test for over four years. 
Specimens tested at 1,250 pounds per 
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Figure 4. Creep rate 
of tubes 
61-pound gauge, room 
temperature 
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Room temperature 


square inch have failed without stress 
cracking. 

Data presented in Figure 9- indicate 
that F-3 alloy retains its good ductility 
in low-stress long-time tests as well as in 
short-time tests. 


BURSTING STRENGTH OF LONG LENGTHS 


Burst tests on long lengths (150 to 300 
feet) of F-3 alloy pipe, each length com- 


Bursting Strength of Full-Charge Lengths of Pipe 


Approximately 850 Pounds Per Square Inch, Room Temperature 


=aesm = oe 


Approximate Time to Failure, Months 


Weakest Point 


Uniform 10 Feet 


Material of Full Length at End of Charge 
Copper-lead........... Lrdialecvials Meena Outs 
MMe ALON We assis eieareeente U/' se-y adie’ Bus Ohne ME 
Antimony alloy......... Di, ao acting du ea Denar: 
Calcium alloy.......... Mae ielhaie Hee Oe DA ecittniscs 


F-3 alloy 


Location of Weakest Point of Full Length 


.... Charge weld 
..,..Charge weld 
....Charge weld or where deformed by mechanical 


damage 


....Charge weld or where deformed by mechanical 


damage 


areloleheseusiae sete ors 12...No failure after four years... Adjacent to press-stop mark 
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ce > 


‘ 


prising the total footage from one to three 
complete lead press charges, were con- 
ducted to locate the weakest part of the 
length. These samples were sealed on the ~ 
ends with compression fittings and sub- | 
jected to continuous 85-pound air pressure — 
until failure. After the initial failure, ten 
feet of pipe from the finish of the charge 
was resealed on the ends and the test con- 
tinued until final failure. 

Table II summarizes the data thus ob- | 
tained. 
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STRESS-STRAIN 


Nonferrous metals including lead do not 
behave elastically; that is, they do not 
follow Hooke’s law up to a certain stress 
point, the yield point. However, they do 
exhibit a certain degree of elasticity on 
short-duration tests. Elasticity, if present 
in a cable sheath, would be of some practi- 
cal importance in producing some recovery 
in the radial expansion of the sheath after 
the initial high pressure developed during 
the start of aload cycle. 

Test specimens 15 inches long like those 
used for burst tests were fitted with SR-4 
strain gauges and subjected to repeated 
pressure cycles of successively increasing 
magnitude, The strain and recovery dur- 
ing each test cycle were noted and plotted 
in Figures 10 and 11. Each point on the 
curves represents about one minute elapsed 
time. The figures show that copper-lead 
undergoes rapid strain at stresses above 
about 500 pounds per square inch hoop 
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stress, whereas F-3 alloy withstood about 


Flattened-strip specimens were ma- 
chined with reduced sections and carefully 
calibrated for stress calculations. These 


Figure 7 (above). Burst failure of 0.025 per 
cent calcium alloy 


Intercrystalline break (magnified four times), 
sample 1,867 
4,500 pounds per square inch, 292 hours, 
1.7 per cent expansion 


ratories-type machine at 750 cycles per 
minute, the deflection being varied to ob- 
tain different stresses in duplicate speci- 
mens. 

Figure 12 shows the data as stress versus 
number of cycles (S/N) curves. The re- 
sistance to vibration fatigue of F-3 alloy is 
much superior to that of copper-lead and 
also superior to that of antimony and tin 
alloys which have been used commonly for 
sheaths on overhead power cables. 


Figure 9. Ductility of tubes (room temperature) 


Figure 6. Burst fail- 
ure of F-3 alloy 
Ductile break (mag- 


sample 5,252 
1,250 pounds per 
square inch, 10,400 
hours, 18.4 per cent 

expansion 


Corrosion 


Laboratory corrosion tests indicate that 
F-8 alloy has resistance to ground water 
and acidic fluids equivalent to that of most 
high-purity leads.!* It has been observed 
that F-3 alloy sheaths are brighter and re- 
main brighter in ordinary atmospheric ex- 
posure than copper-lead. 

In general, it has been found that where 


COPPER 
SAMPLE NO. 2180 


nified four times), 
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corrosion is experienced, mitigating meas- 
ures are required regardless of the chemi-_ 
calcomposition of thesheath. be 


Joint Sleeves 
If the joints on impregnated-paper-in- _ 

sulated cable are completely filled with 
compound and sealed without any pro- 
vision for thermal expansion, then internal 
pressures developed in the cable during 
load cycles will appear also in the joints. 
Joint sleeves are usually considerably lar-_ 
ger in diameter than the cable sheaths, and 
hence for given internal pressures, the hoop . 
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Figure 8. Burst failure of two per cent tin 
alloy 


Intercrystalline break (magnified four times), 
sample 4,212 5 
4,000 pounds per square inch, 216 hours, 
1.8 per cent expansion 
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LOAD: RELEASED AND ZERO 
READING TAKEN AFTER EACH TEST 


STRAIN (INCREASE IN DIAMETER) — PER CENT 


Figure 10. Stress—strain, copper-lead (tubes, room temperature) 


LOAD RELEASED AND ZERO 
READING TAKEN Beer EACH TEST 


6TH TEST 
STH TEST 

4TH 

1ST, 2ND & 30 TEST 


STRAIN (INCREASE IN DIAMETER) — PER CENT 


Figure 11. Stress-strain, F-3 alloy (tubes, room temperature) 
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Figure 12. Vibration fatigue of flat strips 


750 cycles per minute, room temperature 
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stresses in the sleeves are usually consider- 
ably greater than those in the sheaths un- 


less the sleeves are made appreciably 


thicker. 


With F-3 alloy for the cable sheath, hav-_ 


ing somewhat greater strength and con- 
siderably lower creep rate than lead 
sheaths, higher internal pressures can be 


expected in the sheaths and joint sleeves. 


It will become desirable, therefore, either 


to use material stronger than lead for the 


joint sleeves or to use some method of re- 
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inforcing the joint casing. Thusit may be — 
quite desirable to have the joint sleeves 


made of F-3 alloy as well as the cable 
sheaths. Test joints have been made from 
extruded F-3 alloy sleeves and no difficulty 


was experienced in beating the ends or in 


wiping the joints. 


Advantages of Improved Cable 
Sheathing 


For some underground cables, the life in 
service is limited by the ability of the 
sheath to withstand repeated bending in 
the manholes caused by cable movement. 
In such cases the use of F-3 alloy will per- 
mit either higher loading for equal life of 
the cable or longer life with equal loading. 
For many installations, changes in the sys- 
tem or other factors make it more economi- 
cal to obtain greater usage of the invest- 
ment rather than to obtain much greater 
life. 

The lower creep rate of the F-3 alloy 
will permit the use of higher internal pres- 
sures. This is especially beneficial on 
either oil-filled or gas-filled cables. A lim- 
iting hoop stress of 125 pounds per square 
inch has been established for design 
purposes for copper-bearing lead sheaths. 
This limitation restricts the internal 
pressures for oil-filled cables with standard 
sheath thicknesses to about 14-pound 
gauge for 2 '/,-inch cable or 12-pound 
for 3 1/-inch cable. To withstand higher 
internal pressures, lead sheaths must be re- 
enforced with layers of paper and copper 
tapes which require a costly double-sheath 
construction. 

With F-3 alloy sheath, the equivalent 
stress for a similar creep rate is about 200 
to 300 pounds per square inch based on 
data for tube specimens. If the limit is 
tentatively set at 200 pounds per square 
inch then with standard thicknesses the in- 
ternal pressures can be increased safely to 
22.5 pounds for 2 1/2-inch-thick cable or 19 
pounds for 3 1/2-inch cable. By increasing 
the sheath thicknesses 40 or 50 mils, it be- 
comes possible to use single sheaths on pres- 
sure-type cables with internal pressures 
of 25- or 30-pound gauge. This would 
avoid the use of double-sheath construc- 
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egasfilledcables, 
‘Since cable sheathing must muhetand 
the working and wear involved in installa- 
tion which produce gouging and scoring 
of the outer surface, the thicknesses for 
most solid-type cables should not be re- 
duced much from the present standard 
thicknesses. The sheath must be suffi- 
ciently thick to have long life in spite of 
_suchdamages. Thepresentstandard thick- 
nesses for lead have been evolved from 
long experience and are known to be ade- 
- quate for normal conditions of use. At 
least until more experience is obtained in 
the use of F-3 alloy, the same thicknesses 
q as for lead are recommended. For special 
_ conditions, where in the past extra-thick 
sheaths of ordinary lead have been re- 
F cuired, the use of F-3 alloy will warrant a 
Pe rcan. 


- Conclusions 


np eR” er eeh 


1. A new cable sheath alloy of arsenical 

lead (F-3 alloy) has been produced. It has 

been successfully applied in manufacture to 

cable which has been installed in commercial 

lines. 

2. F-3 alloy has been shown to have much 
-better properties for power cable sheaths 
“than any of the materials previously tried. 


tion < on, for exible) some ‘medium-pres- 


oan ‘py 
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83. With this new type of sheath, the larger 
cables can carry higher loads without short- 
ened life caused by cracking of the sheaths in 
daily bending in the manholes. 


4. The limiting internal pressures will be 
appreciably higher than for lead sheaths, 
which may permit the use of single sheaths 
on some pressure-type cables where with 
lead the more costly double-sheath con- 
struction is required. 


5. Since this alloy is harder than commer- 
cially pure lead, a reduction in troubles in 
service caused by mechanical damages can 
be expected. 
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Control Transformer System. be 
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HAROLD CHESTNUT 


ASSOCIATE AIEE 


HE military requirements for high 

accuracy position control systems 
have placed emphasis on the need for a 
voltage signal source which can indicate 
electrically a mechanical shaft position. 
In addition this signal source must have 
high accuracy, marked dependability, and 
the capability of continuous mechanical 
rotation. A modification of the conven- 
tional Selsyn generator-motor system! has 
been developed and used extensively to 
fill this need. 

This system,? shown schematically 
in Figure 1, consists of a generator 
in which a single phase a-c field is 
established with its space orientation 
determined by the position of the rotor, 
electrically connected to a control trans- 
former in the rotor winding of which is in- 
duced a similar alternating voltage whose 
magnitude and polarity depend on the 
relative position of this rotor with re- 
spect to that of the generator. Ideally 
the control transformer rotor voltage 
versus the difference in the rotor angular 
position characteristic is a sinusoidal one, 
as is shown in Figure 2. 

In effect, the presence of the single- 
phase magnetic field in the generator 
rotor induces voltages in the three stator 
windings of the generator. These voltages 
impressed on the three stator windings of 
the control transformer produce currents 
there which establish a single-phase mag- 
netic field in the air gap of the same space 
position as that of the generator rotor. 
Depending on the actual orientation of the 
control transformer rotor with respect to 
the generator rotor, the voltage induced 
in the rotor winding may vary from a 
maximum of one polarity through zero to 
‘a maximum of the other polarity. If the 
‘control transformer rotor is positioned so 
as to maintain zero voltage across its 
terminals, it then maintains a fixed 
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angular relationship to the generator 
rotor. Hence, it is possible to position 
the control transformer shaft properly 
with respect to the generator position by 
maintaining zero voltage on the control 


transformer terminals. 


Although this system inherently has a 
high accuracy of the order of 0.3 degree, 
it is not completely error-free. To design 
Selsyn systems which are more accurate, 
it is necessary therefore to determine the 
effect of various factors which can con- 
tribute to electrical errors. The condi- 
tions under which errors are to be con- 
sidered here are 


1. Stationary orientation of both machines. 
This condition also explains the predominate 
error phenomenon from standstill up to 
speeds of three or four per cent of syn- 
chronous speed. 


2. Constant velocity for both machines 
with a fixed angular separation between 
them. This condition considers the effect of 
“speed”’ voltages caused by rotation at 
speeds of from three or four per cent of 
synchronous speed on up to and above syn- 
chronous speed. 


Conclusions 


From calculations based on the analysis 
presented here, as well as other analyses, 
and from test measurements, the follow- 
ing conclusions are evident: 


1. Static errors are of two general types, 
those which are predominately 


(a) in time phase with the normal position 
error, or 


(b) in time quadrature (out of phase) with 
the normal position error. 


2. The in-phase errors are caused by un- 


3. The out-of-phase earcuk 
unbalanced resistances in th 
ings or lines between generat 
transformer. For this conc 
one control transformer rot 


4. Errors present at t stand 


Goatusbapeiies By judicious 
pitch, distribution, and skewing of a 
and by properly shaping the pole face of the 
rotors, the fifth and seventh harmonics o 
mutual flux between rotor and stator of the 
two machines are eliminated and the in- 
phase errors thereby are reduced. Care in — 
manufacturing insures that there is a mini- — 
mum of phase unbalance of resistance or — 
reactance, thus tending to eliminate the 
errors noted in items 2 and 3. 


5. Constant velocity errors tend to be a 
combination of the in-phase and out-of- | 
phase type. At low speeds the dominant ] 


effect is to shift the rotor position at which _ 
zero voltage is obtained, there still remain- 
ing a small out-of-phase component. At 
high speed the dominant effect is the intro- 
duction of an out-of-phase voltage, the so- _ 
called speed voltage. ' 


6. The constant velocity errors are de- 
pendent on the ratio of the actual speed of © 
rotation to the synchronous speed for the 
given excitation frequency. Hence, the use © 
of higher excitation frequencies such as 400 © 
cycles instead of 60 cycles would tend to 
minimize these effects. 


tem 


Analysis 


ACCURACY AT STANDSTILL 


The generator-control transformer sys- 
tem at standstill appears as three induc- 
tive coupled circuits as shown in Figure 3. 
The steady-state a-c equations of volt- 
ages for these circuits are 


[rag t+racti (Xag +X ac) lta+ 
[rang+ ave t+j(X avg +X are) | w+ 
IXmoaglp=0 (1) 


GENERATOR CONTROL TRANSFORMER 
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Figure 1. Schematic 

diagram of Selsyn gen- 

erator-control _trans- 
former system 
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Figure 2. Ideal trans- hence the position error ep, can be de- 


former voltage output fined as ’ 
versus angular dis- : 
placement €p =9—(a+90) (5) 


where 6 is the independent variable used 

in equations 1-3 and a is calculated from 

the condition E,=0 in equation 4. 
Referring to equation 4, zero control 


transformer volts is obtained when 
Zig cos (a+80)+% cos (#—30) =0 (6) 


Assuming that the currents 7, and % 


from equations 1-3 may not be in time 
phase, and taking the instant when 7, is 


[rogtToctI(XogtX ve) ]tb+ 
5X mov! p =9 


(2). 


i 5X MDaglatjX. M. pogtot+ 


+ (Ro+jX nln =E, 


t 


(3) 


The various symbols used are defined 
in the nomenclature and are consistent 


GENERATOR 


with the synchronous machine representa- 
tion of Doherty and Nickle,’ Prentice,‘ 


and Park.® It will be noted that the 
nomenclature provides direct relation- 
ships between line-to-line reactances, 
easily obtainable from test, and the direct 
and quadrature reactances, which are 
very convenient for analytical work and 
are used extensively in the references 
cited above. 

The mutal reactances X ypag ad X wpog 
here considered include only the lower 
order harmonics, that is, up to the 
eleventh. Only odd harmonics are pres- 
ent because of the salient pole con- 
struction, and the third and ninth com- 
ponents are absent because of the 3-phase 
stator winding arrangement. Higher 
harmonics could well be included in a 
similar fashion. The control transformer 
is effectively a round-rotor machine and 
is represented as such. 

From equations 1-3, the vector cur- 
rents 7, and 7 which have a magnitude 
and time phase can be determined. The 
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zero as a time reference, 
(7) 
(8) 


where J, and I, are the current magni- | 
tudes, and @ is the phase angle between 
them. 

Combining equation 6-8 and separat- 
ing the resultant expression into sin w¢ and 
cos wt components, 


t= sin wt 


iy =I, sin (wt+ 8) 
voltage which exists in the control trans- 
former rotor is dependent on these cur- 
rents and a, the angular position of the 
control transformer rotor. Thus, 


E,=jX mielta Cos (a+30) + 


ty cos (a—30)] (4) 


The Selsyn control transformer indicat- — sin wt[I, cos (a +30)+Jy cos BX 
cos (a—80)]+ cos wt[I, sin B 
cos (a—30)]=0 (9) 


61/3-2 


CONTROL TRANSFORMER 


For equation 9 to be equal to zero for 
all values of time, the coefficients of the 
sin wt and cos wt terms both must be zero. 
With B=0, the cost wt coefficient goes to 
zero, and the coefficient of sin wt gives the 
following defining condition for a at zero 
control transformer voltage: 


In+Ia 
é = —1.732{ —— 
an a 3 (22%) 


Ec 
ROTOR 
VOLTAGE 


(10) 


Referring to equation 9 and noting 
that in the usual case the time phase 
difference 6 is small, one realizes that by 
positioning a in the location defined by 
equation 10, the sin wt component of volt- 
age is made zero. 

Hence there remains only a cos wt com- 
ponent of voltage which, since 8 is small, 
is also small. 

For the case where 60, the control 


Figure 3. Elementary diagram of Selsyn gen- 
erator-control system at standstill 


ing system depends on there being a fixed 
angular displacement between the gener- 
ator rotor position, 9, and the control 
transformer position of zero voltage. 
This displacement is normally 90 degrees 
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transformer error is then a voltage the 
magnitude of which is 


eu=I,X yie Sin B cos (a +380) » (11) 


The foregoing analysis indicates the 
significant fact that there is a 90-degree 
difference in time phase of the errors ep, 
where the voltages are of sin wt time phase, 
and the errors eu, where the voltages are 
of cos wt time phase. ; 

Through use of the analytical means de- 
veloped in the preceding analysis, the ef- 
fects of phase unbalance in such machine 
parameters as reactance, resistance, and 
mutual coupling have been investigated. 


Data for generator: 


E,=115 volts 
w=877 radians per 
second 


tqg=10 ohms 
Tabg =5 Ohms 
yg =10 ohms 


Rp=5 ohms Xysg=0 except as 
X gg =120.5 ohms noted on curves 
Xqg =39.5 ohms Xy7=0 except as 
X pg =110 ohms noted on curves 

xX Mig = 95 ohms 


Data for control transformer: 


Tac =100 ohms X ae =X ge = 1,200 
Tape = 50 Ohms ohms 
> = 100 ohms X yic=1,000 ohms 


AccuRACY UNDER CONSTANT VELOCITY 
OPERATION 


In the treatment of the generator- 
control transformer system for this condi- 
tion, it is premised that both machines 
have balanced windings. The effect of 
resistance or reactance phase unbalance 
is not considered, and only the funda- 
mental component of mutual reactance 
between rotor and stator winding is in- 
cluded. 

The following equations may be written 
for the generator machine in Figure 4, 
where the direct and quadrature axis 
voltage equations include transformer and 
speed voltage effects in the manner of 
Park,§ 


Cay = 1 agtagt Pb ag — Vag (12) 
C9 = agtag t+ P¥agtVaghO (13) 
En=Rplp+hvp, (14) 


Where the flux linkages are related to 
reactances and currents by the following 
equations 


Vag =X agtag—X uigl (15) 
¥q9 =X gotag (16) 
Vpg =X vglp—X uigtag (17) 


Eliminating equation 14 and using 
equations 15-17, equations 12 and 13 
may be written as 
Cag = (tag t+ PX' ag) tag —PE' py — 

Xeotggh) (18) 
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Cag = (eg t+PXgg)iggHX'agtaghO— 
pp) (19) 
Where the symbols X’g, and E’p are 
abbreviations of more complex quantities, 
namely, 


20 
Gee Rpt+PX pg ee 
al Ep | 
E'!p =— ————_ 21) 
> LRo+hXpq 


For the control transformer, there is no 


Figure 5. Relationship between d and q axes 
in the two machines 


rotor current, so the equations for this 
machine are 


(22) 
(23) 


€de= (act PX ac) tac — X getgeha 
€ge = (toe pX qe) Age +X actacba 


In terms of the actual phase voltages, 
the terminal conditions for generator and 
control transformer are the same. The 
phase currents for generator and control 
transformer, however, are opposite in 
sign. From these relationships, one can 
relate the direct and quadrature com- 
ponents of voltages and currents for the 
generator in terms of the control trans- 
former, 


Cag = Cac COS 5— Eg, Sin 5 (24) 


(25) 
(26) 
(27) 


gg = Cade Sin 5+, COS 5 
tag = —tae COS 5+-4g, sin 5 


dgg = —tae Sin 6 —tg_ Cos 8 


Figure 6. Control 

transformer error ver- 

sus generator rotor 

position with unbal- 

anced stator phase re- 

actance 

A(XaptXac) _ 
Xag +Xac 
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6=a-—6 


For continuous operation at a constant © 


i 


(29) 


velocity, 
p)=pa=Vw 
where 


Vv actual speed 
" synchronous speed at frequency w 


Under steady-state conditions with 
excitation frequency w, the operator p 
preceding the reactance terms is replaced 
by j. The p9 and pa velocities are han- 
dled as indicated in equation 29. Finally 
the instantaneous voltage Ep is replaced 
by the corresponding vector voltage, 
Ep=~vV2E, sin wt =E,|0_ (30) 


In vector terms, E’p is equivalent to 


~“ae] | 
>” @ LRp+iXp, 


Combining the preceding equations and 
simplifying the results yield the following 
two expressions: 


Ciact+Dige =jwE' p (32) 
Miact Nige=+ VoE’p (33) 


where C, D, M, and N are symbols which 
are defined as 


C= —[ragtractj(X'agt+X ac)] X 
cos 6+ V(Xgg+Xac) sin 6 (34) 


D= [ragttgctH(Xagt+Xge)] x 
sin 6+V(Xgg+X¢c) cos5 (35) 


M= [reg +P ac tF(X gg +X ac)] x 
sin 6+ V[X’ ag +X ac] cos 6 (36) 


N= [reg tr get+I(Xqgt+X ge)] x 


E’ (31) 


cos 6&—V[X’gg—Xg] sin 6 (37) 
From equations 32 and 33 
NjwE'p—DVwE’ 
pe Siete ame eh samen (38) 


CN-—DM 


and the actual control transformer out- 


put voltage is 
E,= —jX wnctac (39) 


Calculations were made using equations 
31-39 for speeds ranging from 0 to syn- 
chronous speed, using the following data: 


Generator: 


Ydg=Tqg=29.7 ohms Xp,=208 ohms 


DEGREES 


ELECTRICAL ENGINEERING 


| 


ay 
ine 
es 
na 0 
Behe oak 20 #0: 
' 
So = als 
[og 
rte} 
rd 
me 
=-3.0 
7 Figure 7. Control transformer error versus 


"generator rotor position with harmonics of | 
_ generator mutual reactance between rotor and 
3 stator 


Solid line—Xupag=95 cos (+30) + 
>" 2 cos (50-+30) 
: Broken line—Xypag=95 cos (+30) + 
2 cos (76+30) 


_ X4ag=230 ohms 

— Xyig=204 ohms 
_ Xqg=62 ohms 
=12.7 ohms 


|Z,| =115 volts 

w=3877 radians per 
second 

V=0-1.0 


_ Control transformer: 
fac=Tqe= 686 ohms . 
"i =X,,=3,320 ohms 
- Xyic=1,860 ohms 


~ Results 


The qualitative nature of the results 
has been verified by test and calculations. 
The quantitative results are not applicable 
to all machines but do indicate a perform- 
ance representative of the more common 
type of generator-control transformer 
combination. In studying the effects of 
resistance and reactance unbalances, the 
magnitude of the quantities were chosen 
arbitrarily and do not reflect the usual 
values of machine constants. 

The accuracy of Selsyn systems in use 
at present is remarkably high. As shown 
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in Figure 3, cot errors not in excess 
of 0.2 degree are obtainable. Although 
the generators and control transformers 
themselves are manufactured with resist- 
ance unbalances of less than ten ohms, 
an out-of-phase voltage of 0.25 volt, such 
as shown in Figure 9, may be obtained 
when these machines are used in system 
including switches. 

Although the results are discussed in 
two separate sections, namely static ac- 
curacy and constant velocity accuracy, it 
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Figure 8. Typical generator-control trans- 


former error versus generator rotor position 


From test data 


Figure 9. Control-transformer quadrature error 
voltage as a function of generator rotor angle 


For various amounts of added resistance in one 
stator line 
Points of maximum, minimum, and zero values of 
voltage are joined by straight lines 
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ighotid be noted that in actual operation 


errors due to both unbalance and velocity 
exist simultaneously and may combine in 
a number of ways to make up the total 
error. Hence, comparisons with test 
measurements under dynamic conditions 
tend to be difficult to analyze. 


Sratic ACCURACY 


Since the impedance of the generator 
and control transformer is largely reac- 
tive, it follows that an unbalance in the 
phase values of reactance of either ma- 
chine causes the in-phase current magni- 
tudes to be altered from the values neces- 
sary for errorless operation. This shifts 
the flux orientation in the control trans- 
former and requires that the rotor be 
moved slightly from its position of corre- 
spondence with the generator, : 

Specifically, unbalance in the stator 
phase values of reactance produces a 
space error which varies with the second 


63-8 


60 80V 
DEGREES 


harmonic of the generator rotor orienta- 
tion (Figure 6). The maximum value of 
error for values of unbalance reactance up 
to about ten per cent is given by the 
expression 


A(Xag+X ac) 


€p max =8° 
p X eg Xac 


This relationship applies for machine 
constants given in the data in the section 
on static accuracy. 

The presence of fifth and seventh har- 
monics in the mutual flux between rotor 
and stator of either machine is evidenced 
by the occurrence of a space error which 
varies as the sixth harmonic of the gen- 
erator rotor orientation. As shown in 
Figure 7, the direction of the error is 
opposite for positive values of the fifth 
and seventh harmonics of mutual flux so 
that theoretically a balance can be ob- 
tained where one compensates for the 
other. The magnitude of the maximum 
error varies about linearly with the mag- 
nitude of the harmonic flux, thus 


DG 
ep max= 373° for + fifth harmonic 
X mig 


x 

ep max= —57.3°— for + seventh har- 

Xung 
monic 
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Evae 10. Calculated values of control 
transformer voltage (in phase component) 
versus speed 


For generator-control transformer with fixed 
angular separation (6) 


Figure 7 verifies these approximate rela- 
tions for the case of a machine with con- 
stants as given in the section on static 
accuracy. 

In Figure 8 is shown a typical error 
curve measured on a generator-control 
transformer and indicating a pronounced 
sixth harmonic. 

By modification of the generator rotor 
flux distribution to reduce the seventh 
harmonic component, the resultant er- 
ror was reduced. The fifth harmonic 
of flux is absent from this type machine 
because of the stator slot winding ar- 
rangement. 

The presence of unequal values of re- 
sistance in the different stator phases 
causes a shift in the time phase of the 
stator currents. The current magnitudes 
which are determined primarily by the 
phase reactances are relatively unchanged. 
Under this condition there is no control 
transformer rotor position where zero 
voltage exists at all instants of time. 
At zero ep error position, there exists a 
voltage induced in the control transformer 
rotor which is in time quadrature with the 
normal position error voltage. Turning 
the control transformer rotor from the 
zero space error position merely brings 
the voltage in phase with the normal 
signal voltage and greatly increases its 
magnitude. The polarity of the voltage 
depends on the direction in which the 
rotor is moved. The magnitude of the 
time quadrature component of voltage is 
about linearly proportional to the amount 
of unbalanced resistance as shown in 
Figure 9. This curve, obtained experi- 
mentally, verifies calculations which in- 
dicate a second harmonic variation of 
control transformer rotor minimum volt- 
age as a function of generator rotor posi- 
tion. 
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peneritee and control tran: 
poe where zero Bes transf 


fhachinies are running abthe lai i 
Stated conversely, if the angular rela- 
tionship between the two 1 rotors is 

tained fixed and the two rotors are run ae 
a number of constant speeds, the control 
transformer rotor voltage changes mag- 
nitude as a function of speed, the fre- 
quency of the output voltage being main- 
tained constant throughout. Figure 10 
shows the calculated values for the in- 


time-phase component of rotor voltage 


as a function of speed for a number of 
fixed values of relative rotor displace- 
ment. These curves compare fairly well 
with the experimentally measured curves 
shown on Figure 11, which show the 
smoothed ‘average’ voltage-speed ef- 
fect for the same type machines as were 
considered in the calculations. The pres- 
ence of errors caused by irregularities of 
phase resistance or reactance introduces 
spurious errors which tend to obscure 
measurements of the speed voltage effect 
at these low voltages where the effect 
amounts to about 1 volt (=1 degree) per 
320 rpm. Actually the discrepancy be- 
tween calculations and test is well within 
the limit of experimental accuracy. 

In Figure 12 is shown the in-phase and 
out-of-phase components of control trans- 
former rotor voltage as a function of speed 
up to synchronous speed for a number of 
fixed values of angular separation. The 
applied voltage to the generator rotor is 
taken as the in-phase voltage reference. 
A time phase shift of about 15 degrees 
at 60 cycles per second takes place in this 
generator-control transformer system at 
standstill. In Figure 13 the control 
transformer output voltage at standstill is 
chosen as the reference for the in-phase 
voltage, otherwise the data are the same 
as on the preceding figure. From these 
curves it can be seen that the effect of 
high speed rotation is primarily to intro- 
duce an out-of-phase component of control 
transformer rotor voltage which becomes 
quite dominant as the rotation speed-ap- 
proaches synchronous speed. At the 
lower speeds the major effect is to shift 
the zero voltage position, thus causing 
the error in transmission of about one 
degree per 320 rpm noted previously. 

It is of interest to note that the effect 
of rotation on error is not a function of the 
absolute speed but rather the relative 
speed of rotation (vw) compared to the 
synchronous speed of rotation (w) of the 
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former with fixed angular separat 
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excitation frequency. Thus by dou 
the excitation frequency, an error of 
degree would be obtained at about 640 
rpm instead of 320. N 


Summary 


- 
The Selsyn generator-control trans- 
former system has a high accuracy of the 
order of 0.3 degree. The static errors — 
which are present because of resistance or — 
reactance unbalance are evidenced by a 
second harmonic periodicity with rotor — 
rotation. Errors caused by improper 
shaping of the rotor appear as higher har- 
monics of rotor position such as the sixth. 
Even though a generator-control trans- 
former system has no static errors, speed 
voltage effects produce a dynamic error © 
which is of the order of one degree per 320 
rpm for present-day 60-cycle machines. 
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Nomenclature 


ag =line-to-line resistance in ohms of gen- 
erator from terminal 1 to terminal 2 

pg =line-to-line resistance in ohms of gen- 
erator from terminal 1 to terminal 3 

aby =resistance in ohms of phase 1 of gen- 
erator 

Yac=line-to-line resistance in ohms of con- 
trol transformer from terminal 1 to 
terminal 2 

pe =line-to-line resistance in ohms of con- 
trol transformer from terminal 1 to 
terminal 3 

Yabe = resistance in ohms of phase 1 of control 
transformer 

Rp=resistance in ohms of generator rotor 

’ag="qg=per phase resistance in ohms of 
generator 

Yac="ge=per phase resistance in ohms of 
control transformer 

Xqg=line-to-line reactance in ohms of gen- 
erator as seen by loop current jg, 
flowing from phase 2 to phase 1 with 
ty not flowing. This reactance is a. 
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second harmonic function of genera- 
tor rotor position. Its numerical 
value may be obtained from a meas- 
urement of maximum and minimum 
values of the line-to-line reactance as 
_ viewed from terminals 1 and 2, with 
terminal 3 not connected. Expressed 
in terms of the per phase values of 
_ direct and quadrature axis reactances, 
Xag =X ag +X gg —(X ag—X ag) X 
cos (26—120) 
X oq = line-to-line reactance in ohms of gener- 
ator as seen by loop current i 
flowing from phase 38 to phase 1. 
This reactance is a second harmonic 
function of generator rotor position, 
and its value may be obtained from a 
measurement of maximum and mini- 


mum values of line-to-line reactance 


as viewed from terminals 1 and 3. 
X09 =X ag +X gg—(Xag—Xag) X 
cos (26-+120) 

Mang =mutual reactance in ohms of gen- 
erator between circuit of loop current 
tg and that of loop current 7. Ex- 
pressed in terms of the values of 
direct and quadrature reactances 
noted above, 

_XagtXag _(Xag—Xaa) 

2 2 
cos [20—120] 


Xac=line-to-line reactance in ohms of con- 


: 


trol transformer as seen by loop 
current 7, flowing from phase 1 to 
phase 2 with i, not flowing. Because 
of the absence of reactance variation 
with a change in control transformer 
rotor position, 

Xac=XactX, qc 

Xp¢=line-to-line reactance in ohms of con- 


re 
x 


trol transformer as seen by loop 


current i, flowing from phase 1 to 
phase 3 with i, not flowing 
Xve=Xac=X ae+X ge 

Xqpe= mutual reactance in ohms of control 
transformer between circuit of loop 
current 7, and that of loop current 7p 
Xe He 

X p, =reactance in ohms of generator rotor 

X mpag = mutual reactance between genera- 
tor stator windings, phases 1 and 2 
and the generator rotor winding. 
This reactance is a function of the odd 
harmonics of rotor position; how- 
ever, because of the 3-phase arrange- 
ment of the stator windings, those 
harmonics which are multiples of 
three are missing. Expressed in 
terms of the maximum values of the 
fundamental, Xy1g, fifth, Xysg, and 
seventh, X y7,, harmonics of genera- 
tor mutual reactances between the 
rotor and the line-to-line stator 
windings, 

X wpag =X mig COS (0-+30) +X pig X 
cos (59—30)+X yz cos (70-+30) 

X ypog=Mutual reactance between genera- 
tor stator windings phases 1 and 3 
and the generator rotor windings. 
It is an odd harmonic function of 
generator rotor position as X ypay- 
Expressed in terms of Xyig, X ys, 
and X yg; 

X mpog =X mig COS (0-30) +X psy X 
cos (50+30) +X yi cos (78—30) 

X yig=Mmaximum value in ohms of funda- 

mental of mutual reactance between 


generator rotor and stator windings, 
line-to-line 


Figure 12 (left). 


= 


i 

Xysj=maximum value in ohms of fifth 
harmonic of mutual reactance be- 
tween generator rotor and stator 
windings, line-to-line 

X yy =maximum value in ohms of seventh 
harmonic of mutual reactance be- 
tween generator rotor and stator 
windings, line-to-line 

X wic=Maximum value of mutual reactance 
in ohms of control transformer be- 
tween line-to-line of stator and rotor 
winding 

Xag=per phase value of direct axis react- 
ance in ohms of generator stator 
windings. In terms of the maximum 
value of Xap, 


Xa= os (maximum) 


X'ag=symbol used to represent the ap- 
parent reactance of the stator direct 
axis as modified by the presence of 
the current flowing in the rotor 

Xqw=per phase value of quadrature axis 
reactance in ohms of generator stator 
windings. In terms of the minimum 
value of Xqy, 


Xa -*# (minimum) 


X ac= per phase value of direct axis reactance 
in ohms of control-transformer stator 
windings. In terms of Xg¢, 


Xqc=per phase value of quadrature axis 
reactance in ohms of control-trans- 
former stator windings. In terms of 
Xacr 

xf, oe 
2 


A(Xqg+Xac) =ohms value of unbalance in 


Control transformer voltage components for con- 
stant velocity operation with fixed separation between rotors 


Generator excitation voltage used as in-phase reference (R) 
Figure 13 (below). Control transformer voltage components for con- 
stant velocity operation with fixed separation between rotors 


Control transformer voltage at standstill is in-phase reference 
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agnitude of the loop 


. Uty aes 

y eet axis current in eres flowing 

+d in generator stator circuit shown in 
Figure Ae 

m tog = quadrature axis” current in amperes 
flowing in generator stator circuit 

£ EOF | shown in Figure 4 

ys -- igg=direct axis current in amperes flowing 


‘ : in control. -transformer stator circuit — 


¢ ' ‘ ( 


f shown in Figure 4 
Ba (1g = quadrature axis current in amperes 


> ‘ _ flowing in control-transformer stator - 


circuit shown in Figure 4 
=direct axis flux linkages in the genera- 
_ tor stator — 
 %g=quadrature axis flux linkages in the 
generator stator 
Wp =direct axis flux linkages in wee genera- 
tor rotor 
E,=r1ms value of the magnitude of the ex- 
citation voltage impressed on the 
generator rotor 
i. £,=1ms value of the voltage present at the 
rotor of the control transformer. 
Y ' This is the so-called control trans- 
former signal voltage 
Ep=excitation voltage applied to generator 
rotor 
E’p=symbol used to represent the voltage 
present in the stator of the generator 
produced by the actual excitation 
voltage in the generator rotor 
€ag=per phase value of direct axis voltage 
in volts for generator stator 
€gg9=per phase value of quadrature axis 
voltage in volts for generator stator 
€ac= per phase value of direct axis voltage in 
volts for control transformer stator 
€g=per phase value of quadrature axis 
voltage in volts for control trans- 
former stator 
€p=position error in degrees between the 
control-transformer rotor position 
for zero volts output and the position 
90 degrees displaced in a lagging 
direction from the generator rotor. 
See equation 5 for sign convention 
employed 
€u=rms value of the magnitude of the out- 
of-phase component of control trans- 
former rotor voltage for that rotor 
position where €p is zero 
@=angular position of generator rotor. In 
general, the units associated with 0 
are degrees, but in those cases where 
the term § is used, the units of 6 
are radians, so p§ equals an angular 
velocity in radians per second 
a=angular position of control-transformer 
rotor. The same comments in re- 
gard to units apply to a as to0 
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AT DIFF I DIFFERENT 
\ manufacture of insul 
paves electrical 4 and 


a tedees of: various jerks dry or san or 
to full factory lengths of the apatites 
wire, dry or wet. 

The scope of this paper is limited to the 
results of an experimental study made on 
the voltage limits suitable for the high 
voltage d-c testing of factory lengths of 
plain insulated wire immersed in water. 
In addition to many sample tests, the 
study included tests on more than 5,500 
different factory lengths of submarine 
cable conductor, insulated with natural 
rubber, synthetic rubber, or polyethylene. 
Such factors as testing voltage, type of 
fault, and immersion time were varied 


Paper 46-121, recommended by the AIEE com- 


mittee on power transmission and distribution for | 


presentation at the AIEE summer convention, 
Detroit, Mich., June 24-28, 1946. Manuscript 
submitted April 18, 1946; made available for print- 
ing May 8, 1946. 


W. N. Eppy and W. D. Fenn both are in the 
electrical engineering laboratory, Simplex Wire and 
Cable Company, Cambridge, Mass, 


| of i on (total volt 
mils thickness). All alternating 
are root-mean-square. — Unless ot 
indicated, all d-c tests were made 
negative polarity on the conductor. ’ 

a 
Dielectric Strength of Rubber 

and Polyethylene Insulated Wi re 


Knowledge of the d-c Bose impulse ai. : 
electric strength is essential to the proper : 
selection of a suitable d-c test voltage. — 
In Table I are given typical values for 
the dielectric strength of the materials - 
covered in this discussion. They repre- 
sent many tests made over several years 
time. All test specimens were five feet 
active length tested after 24 hours immer- : 
sion in room temperature water. The : 


8 =phase angle in degrees between the loop 
currents ig and 7. See equations (7) 
and (8) for the sign convention em- 
ployed 

w=angular frequency in radians per second 
of generator excitation voltage. In 
the calculations, w=377 radians per 
second corresponding to 60 cycles per 
second 

V=speed of generator and control trans- 
former rotors expressed as a ratio to 
synchronous speed at excitation fre- 
quency w 

5=a—0=difference in angular position be- 
tween generator and control 

C, D, M, N=symbols used to replace the 
more complicated reactance expres- 
sions of equations 34-37. These 
are of use only in literal work and 
need not appear in the numerical 
calculations 

t=time in seconds 


Eddy, Fenn—Wire Testing 


d 
p= ii = derivative with respect to time 


j=operator indicating ~/—1 
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c Iculated impulse wave was 1.5x40 
microseconds, The d-c tests were made 
with a voltage i increase of 700 volts per 
second. The alternating voltage was in- 
creased 500 volts per second. The wire 
ize varied over a moderate range in the 


neighborhood of number 12 6/64 inch 


thickness. 


Damage to Sound Insulation 


by Excessive Test Voltage 


_ The tests reported in Tables IT and III 


4 
, 
; 


fl 


si 


were made to investigate the possibility 
that the application of high d-c test volt- 
age might damage sound insulation by 
causing a permanent decrease in the di- 
electric strength. 
The tests in Table II were made on in- 


‘sulated wire samples of five feet active 


pceth after 24 to 48 hours immersion in 


room temperature water. All samples of 


_ the same size were cut from the same 
| length and grouped in such a way as to 


minimize the effect of variation of dielec- 
tric strength along the length. After a 


- 30-minute application of the direct volt- 


ages indicated in the table the samples 


_ were tested for a-c dielectric strength with 


a voltage increase of 500 volts per second. 


-In all cases the a-c tests were made the 


day after the d-c tests, without removing 
the samples from the water. 

The tests in Table III were made on 
number 12 solid, 6/64 inch thickness of 
natural rubber. A 175-foot length in 
water was tested at 640 volts d-c per mil 
for five minutes without failure and then 
cut into samples of 5-foot active length 


Table I. Dielectric Strength of Rubber and 
Polyethylene Insulated Wire 
Impulse D-C A-C 
Strength Strength Strength 
Type of in Volts in Volts in Volts 
Insulation Per Mil Per Mil Per Mil 
Natural rubber..... T01On es oc P5500), 2'6:<:«; 350 
GR-S rubber....... 1,080...52.% 154008 soa. 370 
Polyethylene....... ASB OOE seraxcne S000 5 i sisists 350 


for the tests indicated in the table. The 
dielectric strength tests were made with 
a direct voltage increase of 700 volts per 
second and an impulse wave of 1.5x40 
microseconds. There were five samples 
in each of the four groups. In other 
respects the testing conditions were 
similar to those of Table IT. 

The results in Tables II and III show 
no real decrease in a-c or d-c strength 
resulting from previous applications of 
direct or impulse voltage. None of the 
variations apparent in the tables exceeds 
those usually found in such a collection 
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Table Il. 


Effect of High Voltage D-C Tests on Subsequent A-C Strength. 


uw. 
( 
{ 


Size Previous Test 


60-Cycle Breakdown Voltage 


nas thickness polyethy-{ 800 volts per mil dc. 
OTIS sie sstereicietesolciare sere stehare 
Number 6 (7 eBies wat | 


Number 12 (7 strands) —*/c4 ' None 


1 inch thickness GR-S rub 


Number 12 solid—t/sinch § None 


thickness natural rubber. . 


Number 6 (7 strands)—8/e4.. None 
inch thickness natural 
rubber 


1,600 volts per mil d-c 


500 volts per mil d-c 
800 volts per mil d-c 


500 volts per mil d-c 
800 volts per mil d-c 


800 volts per mil d-c 


” Average in 

y Highest Lowest Average Per Cent 
Number Volts Volts Volts of No 
of Per Per Per D-C 
Samples Mil Mil Mil Test 
BOA Resrria aS Sane ZU Biereisient S26: aretemets 100 
nislereeOistyelerere B5021. sas SLT Seta nets 838,......104 
enc 10S ih sdb. ceo 2OOnae oe BOUL Acme. SOOM 
avatar Ofeteieveihs S505 6 Sinus ZO Bisa taps tote SLD ersteiviee 100 
hake Be re eBOSe a aren eO One Nate LS cttacr ioe 
Mises 10......888......800..).....334.......105 
06 o Cia avec 455...... BALE ciatere AN Me tciaetste 100 
Sates Bete eel. oo B28 soca t a certs Ol 
foletate eel ul eennoectmontareikwoosocc ke 
sient Dineen AAS ele ste SOlinrdercters 42S Scat « 100° 
oleate Biv tcsertok Obee oe 3S rej 440 rr eerie LO 


of dielectric strength data. Therefore, 
the use of d-c testing voltages as high as 
one half of the 5-foot d-c dielectric 
strength in Table I should not result in 
any appreciable decrease in the dielectric 
strength of sound insulation. 


Relation Between Type of Fault 
and Necessary Test Voltage 


The object of high voltage testing is to 
indicate weak spots or partial faults in the 
insulation by applying enough voltage to 
cause the complete failure of such spots. 
Therefore, it is desirable to know some- 
thing of the relation between the type of 
the partial faults and the test voltage 
necessary to develop such spots into 
complete failure. 

In Table IV are given the results of 
voltage tests made on artificial faults in 
number 12 standard, 6/64 inch thickness 
natural rubber. After tying the wire to 
a wooden splint each fault was made by 
forcing a needle or revolving drill through 
the insulation to the conductor as indi- 
cated by completion of a buzzer circuit, 
then withdrawing the needle or drill. 
These faults were tested with high direct 
voltage after immersion in water for three 
days. The results in Table IV indicate 
that such faults may withstand direct 
voltage as high as 225 volts per mil of 
insulation for 40 minutes (20 minutes 
each polarity) without failure. Thus, a 
test voltage as low as this may not indi- 
cate faults that extend entirely through 
the insulation thickness. Open artificial 
faults were made in the same size wire by 
cutting away part of the insulation thick- 
ness at one spot. High voltage d-c tests 
on these faults indicated that a remaining 
thickness of 3/64 inch, or only one half 
the total thickness, is enough to with- 
stand 500 volts d-c per mil of the total 
thickness without failure. A similar re- 
lation also is indicated by comparison of 
the test voltage with the dielectric 
strength values in Table I. For instance, 


Eddy, Fenn—Wire Testing 


a test voltage of 500 volts d-c per mil is 
only one third the d-c dielectric strength 
of natural rubber. Thus, a small part of 
the insulation at a single spot might with- 
stand a test voltage of 500 volts per mil 
total thickness. 

When rubber insulated wire is wound 
on a reel there may be considerable 
pressure between adjacent turns of wire. 
The results in Table V show the effect of 
such pressure on the d-c dielectric strength 
of artificial faults in wire, number 12, 
6/64 inch thickness natural rubber. The 
d-c strength of needle faults in water was 
increased from 150 to 690 volts per mil, 
by applying pressure from adjacent rub- 
ber insulated wire as on a reel. 

Also in Table V are the results of similar 
tests on a fault in the same size wire con- ~ 
sisting of a U-shaped knife cut all the 
way to the conductor. After immersion 


Table Ill. Effect of High Voltage D-C and 
Impulse Tests on Subsequent D-C Strength 
et 


D-C Dielectric Strength 
Volts Per Mil 


Previous Test Highest Lowest Average 


a—None.......-..+60+ 1,450... .1,290....1,360. 
b—640 volts per mil 

d-c for 30 minutes... .1,500....1,120....1,340: 
c—640 volts per mil 

d-c for 5 minutes, 6 

timess anes <i cists eran 1,480....1,310....1,360 
d—850 volts per mil 

impulse, 6 times..... 1,530....1,860....1,470 


in water for 24 hours under pressure from 
adjacent rubber insulated wire this fault 
had a d-c strength of 600 volts per mil 
and after the first failure a voltage of 480 
volts per mil was necessary to cause a 
second failure. 

In addition to these data on artificial 
faults two examples of natural faults are 
offered: 


1. Three thousand feet of number 14 solid 
3/64 inch thickness of natural rubber with- 
stood, without failure, three voltage tests 
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stood, mation failure, yee volt; i 
five minutes each at 570 volts d-c per feat 


y 


Needle diameter, inch.... 0.025 ..... "0,038: a 


ee teens 


Type of needle point... . ..Extra fine. . + Winelee es a wedicusy? ae Medium, et ---B 
3 205 Ah, EWR. ole La 2G soppy 
OOF traits heOO has sien loos 
285**} 


* Hole made with 0.042-inch twist drill. 


** Insulation stretched by bending wire before puncturing insulation. 


to a splint. 


+ No failure after 40 minutes on 20 kv (5 minutes plus, 5 minutes minus, 15 minutes plus, 15 “minutes” 


minus). 


during a 12-day immersion. Subsequent 
immersion and high voltage testing finally 
disclosed an iron chip so located within the 
insulation that only one third of the thick- 
ness was left effective. 


These data on both artificial and natu- 


ral faults indicate that under some cir- 
cumstances it is possible for serious faults 
to withstand several applications of d-c 
testing voltage as high as 500 volts per mil 
without failure. 


Damage to Sound Insulation by 
Impulse Voltages Incidental to 
High Voltage D-C Testing 


When factory lengths of insulated wire 
are at the d-c test voltage, abrupt ground- 
ing of the conductor is likely to produce 
momentary voltages that are higher than 
the test voltage. If these voltages exceed 
the impulse strength of the insulation, 
failures will ensue. There are three prin- 
cipal ways in which the conductor may be 
grounded abruptly: 


1. Accidental flashover during test. 


2. Intentional grounding after completion 
of test. ; 


3. Failure of insulation on test. 


The first way can be prevented by care 
and the second by the use of series resist- 
ance but limitation of the test voltage is 
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on natural or synthetic rubber and to 850 
volts per mil and higher on polyethylene. 

Investigation of these impulse voltages 
with cathode-ray oscillograph at direct 
voltages less than 100 volts indicates that 
such voltages may get as high as 1.8 of the 
applied voltage (test voltage). Applica- 
tion of this ratio to the impulse strengths 
in Table I gives minimum test voltages of 
598, 573, and 835 volt per mil for natu- 
ral rubber, GR-S rubber, and poly- 
ethylene respectively, at which impulse 


failures might be expected. These indi- 


cations admittedly are not conclusive be- 
cause of the low test voltage but it is 
interesting to note the close agreement 
with the testing experience reported in 
the preceding paragraph. 


Conclusions 


High voltage d-c testing has been found 
of considerable value in controlling the 
quality of insulated wire but no implica- 
tion is intended in this paper that such 
testing is essential to the maintenance of 
satisfactory quality. Comparison of high 
voltage d-c testing of factory lengths 
with other kinds of testing is outside the 
paper’s limited scope. If high voltage 
d-c tests are made on factory lengths it 
would be well to consider the following 
voltage limitations that have been in- 


Eddy, Fenn—Wire Testing 


voltage at which such tests sh 


Sa ‘ 


The die J tri eth 
surprisingly pene mn 
further by pressure e from 
For this reason’ 25 per cent of the 
d-c strength is suggested as the 


made. The faults described and test 


Table V. Effect of Pressure on » Stenath 
Artificial Faults — > | 

a D-C Strength in | 
Volts Per Mil — 
After (24 Hours 


Test Specimen in Water { 
Needle fault with no pressure........... 135 
Needle fault squeezed against one 170 
adjacent wire without fault by 
wooden clang... ..<..2i<stas. saan 310 
Needle fault squeezed in group 340 
with three other wires without : 
faults, by binding with cotton | 
atring..% i. sae nee scenes Cae 690 ; 


U-knife cut fault squeezed in 
group with 6 other wires with- 
out foregoing faults.......... ....600 then 480 


the foregoing are not common in well- 
organized factories but it is possible for 
such faults to withstand tests as high as 
33 per cent of the 5-foot d-c strength with- _ 
out failure. 

Because of these voltage limitations to 
high voltage d-c testing it is important to 
increase the effectiveness of the testing as 
much as possible, by such means as in- 
crease of the soaking time and decrease of 
the pressure from adjacent wire. 
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‘Synopsis: This paper discusses lethal elec- 
tric currents and their accompanying physio- 
logical effects, and interprets the data of a 
previous paper in accordance with an origi- 
nal method of analysis found useful by the 
author in his own investigations of let-go 
i currents. The present analysis concerns it- 
self with threshold currents likely to pro- 
duce instantaneous electrocution in one- 
4 half per cent of a large group of normal men. 
_ Although the conclusions are derived from 
tests made on animals, it is believed that the 
results may be indicative of what might be 
ee to occur in man. The majority 
-/ of the work is based on experiments made at 
60 cycles with shock durations of 0.03 to 3.0 
seconds. Predictions of lethal currents for 

‘both direct current and capacitor discharges, 
while more speculative because of the 

limited data available, are included because 
' of their importance due to the greatly in- 
creased use of direct current and electronic 
equipment. 


ROGRESS in the development of 

electric equipment has brought in- 
“creasing demands for additional knowl- 
edge on the effects of electric shock, 
particularly with regard to the maximum 
current that man reasonably might be 
expected to withstand without fatal 
results. Sensations, muscular contrac- 
tions, and the current required to cause 
the victim to freeze to a circuit have been 
covered fairly well in recent papers on 
let-go currents.!2)3 The object of this 
paper is to extend the analyses and dis- 
cuss effects at higher currents. 

Any definition of lethal currents must 
consider the following factors: 


Current pathway through the body. 
Physical condition of the victim. 
Magnitude of the current. 

Shock duration. 


LiL I 


Frequency. 
Wave form. 


The phase of the heart cycle at the in- 
stant the shock occurs. 


ND 


Electric shocks produce different effects 
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depending upon the structure through 
which the current passes. Currents 
flowing in the region of the heart may 
produce a condition of the heart muscle 
known as ventricular fibrillation. This 
condition usually is fatal and commonly is 
referred to as instantaneous electrocu- 
tion. Currents passing through nerve 
centers controlling breathing may pro- 
duce respiratory inhibition, that is, stop- 
page of respiration. Failure of the 
breathing mechanism often is temporary, 
the paralysis lasting from a few minutes 
to a few hours after interruption of the 
current. These victims often may be 
saved by prompt application of artificial 
respiration. Currents passed across the 
head from temple to temple may pro- 
duce unconsciousness and muscular con- 
vulsions. Shocks of this type are used 
currently in electric shock treatment in 
certain types of insanity. If the current 
pathway involves lower nerve centers, 
the shock might produce ejaculation. 
Electric ejaculation and artificial in- 
semination apparently have promise in 
breeding animals. If the pathway in- 
volves only an extremity, such as a hand 
or leg, memory of a disagreeable ex- 
perience might be the only lasting result. 
Because of such variations in the effects of 
electric shock, it is customary to discuss 
lethal currents with respect to the most 
dangerous current pathway likely to be 
experienced in accidents. This is a path- 
way involving the heart, with external 
contacts usually assumed between the 
hands, or between one hand and the 
opposite foot. 

Much attention has been given the 
study of fatal accidents. These studies 
have been very helpful in developing 
practical safety procedures and safety 
codes. From a technical point of view, 
results have been qualitative rather than 
quantitative. This is largely because of 
the difficulty of determining accurately 
the many variables involved. In addi- 
tion to the factors already mentioned, it 
usually is possible only to make rough 
estimates in arriving at values of circuit 
impedance, body and contact resistances, 
and elapsed time between occurrence of 
the accident, rescue, and resuscitation. 

Often these uncertainties have resulted 
in erroneous conclusions and have con- 
fused the issue. Perhaps the most serious 
misconception concerns the effects of 
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voltage versus the effects of current. 
Current and not voltage is the proper 
criterion of shock intensity, The re- 
mainder of this paper will be devoted to a 
discussion of the electric shock hazards, 
caused by currents of various shock dura- 
tions, wave shapes, and frequencies. 

Sixty-cycle currents at the let-go level, 
that is, currents of from 10 to 20 milli- 
amperes from hand to hand, are painful 
and hard to endure for even a short time. 
If long continued, they may lead to col- 
lapse, unconsciousness, and death. The 
physical condition of the victim is of 
prime importance in determining this 
hazard. The muscular contractions and 
accompanying sensations increase in 
severity as the current is increased. The 
muscular contractions progress up the 
arm to the chest until they become so 
severe that the victim is unable to 
breathe. Obviously, if the current flows 
for more than a few minutes, death may 
result from asphyxiation. However, if 
the circuit is interrupted in a reasonable 
time, breathing resumes automatically, 
and no serious after-effects result. Cur- 
rents considerably in excess of those re- 
quired to cause a stoppage of breathing 
by excessive muscular contraction of the 
chest muscles may produce a temporary 
paralysis of respiration by action on the 
nerves. It has been known for some time 
that respiration might be inhibited by 
currents passing through the respiratory 
nerve center located in the base of the 
brain. Observation of temporary mus- 
cular paralysis in human accidents has 
prompted Howard Miller, Southern Cali- 
fornia Edison Company, to suggest that 
respiratory inhibition also might be 
caused by currents affecting the nerve 
centers controlling the diaphragm. The 
suggestion is in agreement with W. Hin- 
thoven, who some 30 years ago demon- 
strated that electric currents applied 
directly to a nerve, insufficient to cause 
permanent damage, could produce com- 
plete blocking of the nerve for periods of 
the order of one-half hour. The res- 
piratory paralysis may last for a con- 
siderable period after interruption of the 
current. In this case, resuscitation must 
be applied immediately to prevent 
asphyxial death. Often the paralysis 
disappears in a few minutes or in a few 
hours, and continued application of arti- 
ficial respiration may save the victim. 
Mere cessation of natural breathing is not 
likely to produce serious aftereffects or 
permanent damage, as evidenced by the 
many persons who have been resuscitated 
successfully. 

Much valuable information on cur- 
rents producing ventricular fibrillation 
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Figure 1. 
for men and women 


has been obtained from extensive experi- 
ments performed on animals at Columbia 
University by Ferris, King, Spence, and 
Williams.4 These authorities adeptly 


have described the fibrillating condition © 


as follows: 


“Currents somewhat greater than those just 
necessary to stop respiration by action on 
the muscles may cause fatalities, even 
though the duration of such shocks is but 
a few seconds or less—far too short to be 
important from the standpoint of inter- 
ruption of respiration, and obviously too 
short to give any opportunity for rescue be- 
forethe end of theshock. Death under such 
conditions is brought about by ventricular 
fibrillation, which is a disruption of normal 
heart action. This condition is an unco- 
ordinated asynchronous contraction of the 
ventricular muscle fibers in contrast to their 
normal co-ordinated and rhythmic contrac- 
tion. It results from an abnormal stimula- 
tion rather than from damage to the heart. 
In the fibrillating condition, the heart seems 
to quiver rather than to beat; no heart- 
sounds can be heard with a stethoscope—the 
pumping action of the heart ceases; failure 
of circulation results in asphyxial death 
within a few minutes.” 


Most of the experiments were made on 
sheep, calves, pigs, and dogs, in which 
chest dimensions, body weights, heart 
weights, and heart rates were comparable 
to those of man, although several species 
of smaller animals, including guinea pigs, 
rabbits, and cats were included to es- 
tablish the general trend of effects with 
weight and other physiological factors. 
Foremost of their findings from the 
practical point of view are: 


1. The susceptibility of the heart to fibril- 
late depends on the phase of the heart cycle 
at the instant the shock is applied. 
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by PERCENT DEVIATION FROM MEAN OF 15.87 ua. 
Sixty-cycle sine wave let-go current distribution curves 


Figure 2. Sixty-cycle sine wave let-go current deviation curve for men 


2. Repeated shocks are not cumulative in 
their effects on the heart, and the heart 
generally returns to normal in about five 
minutes if fibrillation does not occur. 


8. The results on the whole indicated that 
sinusoidal currents in excess of 100 milli- 
amperes at 60 cycles from hand to foot would 
be dangerous for shock durations of three 
seconds or more. 


The statement establishing the thresh- 
old current producing ventricular fibril- 
lation in man at 100 milliamperes for 60- 


cycle sine-wave shocks of three seconds ~ 


or more has been accepted quite generally 
by the profession. Without any thought 
of depreciating the value of this con- 
clusion, it is fair to say that much is 
to be desired yet in the way of additional 
information, with special regard to the 
variation of effects with shock duration, 
wave form, and frequency. 

Before proceeding with the proposed 
analysis of fibrillating currents, it is 
helpful to review briefly certain conclu- 
sions found in the let-go current investi- 
gations.?'® 

Experimental points representing let- 
go currents for 184 men and 28 women are 
shown in Figure 1, in which the ordinate 
gives the percentage of subjects who can 
release their grasp of a conductor carry- 
ing the current shown in the abscissa,?" 
It is important to emphasize that a suf- 
ficient number of points was obtained to 
determine a normal distribution, as evi- 
denced by the fact that the data closely 
follow a straight line when plotted on 
probability paper. Figure 2 shows the 
results for the 134 men plotted as per cent 
deviations from 15.87 milliamperes, the 
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mean of the group. The straight line 
governed by the majority of the points of 
Figure 2 has been called the deviation 
curve. When points representing the 
women were plotted as per cent deviation 
from the mean of their group, it was 
found that they followed a deviation 
curve having the same slope. Similar 
results were found for composite waves 
consisting of a mixture of alternating 
current and direct current, for rectified 
60-cycle sine waves, and for sine-wave 
alternating currents from 5 to 5,000 
cycles. This finding is important be- 
cause it permits improved accuracy in 
predicting results for large groups based 
on a relatively small number of experi- 
mental points. 

This procedure will be used now to 
study 60-cycle fibrillating currents ob- 
tained by Ferris and his associates. 
Figure 3 shows fibrillating currents 
plotted as per cent deviations from the 
mean of each series, respectively, for 
eight different tests. Although the dis- 
tribution of the points does not line up as 
well as that found for let-go currents, it 
does establish that a definite trend 
exists. This holds for the four species of 
animals for 3-second shocks, and for 
the sheep for shock durations of 0.03 to 
3.0 seconds. It is possible that the same 
trend also might hold for shocks of vari- 
ous durations for the other animals and 
for man. 

Because of the small number of points 
available for any test, the straight line 
governed by all the points was drawn to 
determine the deviation curve. Ap- 
parent discrepancies of a few of the points 
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from the deviation curve are believed to 
be caused by the small number available 
for any single test, to experimental 
errors in applying the shocks at the most 
susceptible phase of the heart cycle, to 
the rather wide variation in body weights, 
and to other factors which properly are in- 
cluded in the term biological variability. 

The fibrillating current for an animal 
was taken as 1/2 (minimum current caus- 
ing fibrillation -— maximum current not 
causing fibrillation). It is believed that 
the value so obtained should be reason- 
ably close to the current just required to 
produce fibrillation during the most sus- 
ceptible phase of the heart cycle, and the 
statistical method of analysis should 
minimize errors. 

The current pathway for these experi- 
ments was between the right foreleg and 
the left hind leg. Experiments also were 
made using four other pathways, namely, 
across the chest, chest to foreleg, head to 
hind leg, and between both hind legs. 
For the current pathway between the two 
hind legs, the portion of current reaching 
the heart was evidently too small to pro- 
duce fibrillation for currents within the 
operating range of the equipment. Dif- 
ferences in values for the other pathways 
did not appear great enough to be sig- 
nificant, and it was concluded that re- 
sults obtained for the pathway between 
the foreleg and the hind leg should be 


sufficiently accurate for most engineering 
purposes. 

Data obtained by the investigators at 
Columbia University‘ for 129 points were 
furnished the author. Of this number, 
111 were used and 18 omitted in the 
statistical analysis. The points re- 
jected represented two different condi- 
tions. Eight high points, designated by 
these investigators as mode A, were 
omitted to give conservative results. 
The remaining ten points were from the 
0.47-second shock test made on sheep. 

The following is submitted as justify- 
ing rejection of the 0.47-second test: 


1. Results of the 0.47-second shock test 
are shown in Figure 4 in which the response 
follows a deviation curve of much smaller 
slope than that found for the other tests. 
Wide differences in the results of two almost 
identical tests suggest the possibility of 
error. The points representing shocks of 
one heartbeat (large open dots, Figure 3) 
are consistent with all the other tests, and 
fall very nicely about the deviation curve. 
The duration of the shocks for this test was 
adjusted to equal as nearly as possible the 
time of the individual’s heartbeat and varied 
from 0.36 to 0.55 second, averaging 0.45 
second. It is untenable that a difference of 
only 0.02 second in the average shock dura- 
tion would be sufficient to cause the differ- 
ence in response indicated by the two devia- 
tion curves. 


2. The accuracy of analyses based on 


statistical procedures depends upon a rep- 
resentative number of points. It was diffi- 
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Figure 3. Sixty-cycle _ 
currents for less than about 25 points. 


cult to establish deviation curves for let-go 
The 
apparent inconsistency of a single test in- 
volving only 10 points therefore is not con- 
sidered sufficient to invalidate the analysis. 


Fibrillating currents for three-second 


_ shocks for seven species of animals versus — 


body weight are shown in Figure 5. 
Points representing the larger animals 
total 55, and none were discarded. The 
smaller animals were represented by 
average values only, as data for these 
cases were not furnished the author. 
The 50 per cent line was drawn by in- 
spection through the points representing 
the means of the various tests. The 
author is still in doubt as to where to 
draw the best line, and the analysis was 
carried on from here, using a broken line 
neglecting the points for the pigs, and a 
solid line in which the effect of the pigs 
was weighed by eye. The fact that the 
upper line passes very close to the points 
representing the averages for each of the 
other six tests is believed significant. It 
is unfortunate that only nine pigs were 
used. 

In spite of the wide scattering of in- 
dividual points, it is evident that in 
general the fibrillating current is pro- 
portional to body-weight. Similar varia- 
tions were encountered when studying 
let-go currents, but all efforts to find a 
correlation with age, weight, strength 
of grip, or arm measurements, were with- 
out conclusive results; however, higher 
values were obtained on well-developed 
individuals having the appearance of 
good health. Other things being equal, 
it is believed that both let-go currents and 


DEVIATION CURVE 
FOR ALL OTHER TESTS 


(PERCENTILE RANK) 


PERCENTAGE 


-80 -60-40-20 0 20 40 60 80 100 
PERCENTAGE DEVIATION 
FROM MEAN OF GROUP 
Figure 4, 60-Cycle sine wave fibrillating 
current deviation curve for sheep 


Shock duration 0.47 second 
Ten cases tested 
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FIBRILLATING CURRENT 


fibrillating currents at least should be 
roughly proportional to size and weight. 

The 99!/, and 1/2 per cent lines of 
Figure 5 were computed using equation 1, 
reference 2, and the deviation curve of 
Figure 3. The currents corresponding to 
a given percentile rank = mean of sample 
xX (1 + deviation from mean). The 
deviation from the mean for 99'!/, per 
cent and for 1/2 per cent = +0.63, 
hence: 


I(991/s per cent and !/, per cent) 
=1(50 per cent)(1+0.63) (1) 


Assume that the analysis applies to 
man. Enter the graph at 70 kilograms 
which is the weight of an average man, 
and proceeding vertically indicates that 
60-cycle sine-wave alternating currents 
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Figure 5. Relation of 60-cycle sine wave 
fibrillating current of various animals to body 
weight 


Shock duration 3.0 seconds 


between 95 and 107 milliamperes and 
three seconds duration might produce 
ventricular fibrillation in one half of one 
per cent of a large group of normal men. 
This is in close agreement with the gen- 
erally accepted figure of 100 milliamperes 
proposed by Ferris, King, Spence, and 
Williams. 

The equation for the lower one half 
per cent line may be written: 


T(*/2 per cent) =1.26W-+7.4 milliamperes 

(2) 
in which W denotes body weight in kilo- 
grams. 
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ously discussed. 
wide spread in 
various animals, ¢ 
as open dots on F 


reference. The 1/2 per yen 
per cent points were calculated usi 
equations 1 and 6. The 97/2, 50, 
1/2 per cent lines were drawn 
emphasis given the 0 .03- and 3.0-sec 
tests because of the greater numb 
animals used, and to obtain conserva’ 
results. Attention is directed to the 
lone point falling below the one half of one 
per cent line for the 0.47-second test. 
This exception must be given serious con- 
sideration in deciding whether or not the 
proposed analysis is acceptable. 
If we assume a straight line may be 
used conservatively to represent the: 
general trend, equations for the lines | 
| 


Figure 6 may be expressed: 


I=KT", 


where 


n=slope= —*/2 
T =shock duration in seconds 


Therefore 


K=IV/T (3) 

The equation for J(1/2 per cent) for 
57.4-kilogram sheep is found as follows. 
From Figure 5, when T = 38 seconds, 
I(1/2 per cent) = 89.5 milliamperes. 
Substituting in equation 3, 


K =89.5+/3 =155 milliamperes 
I(}/. per cent) sheep 


155 Ti 
=—— millamperes 
VT é 


(4) 


The J(1/2 per cent) equation for all 


- 57.4-kilogram animals is found as follows. 


From Figure 5, J(50percent) sheep = 240.5 
milliamperes, and W=57.4 kilograms. 
The mean fibrillating current for the solid 
line for a weight of 57.4 kilograms=215 
milliamperes. The corresponding 1/2 
percentile value is 89X215/240.5=79.6 
milliamperes. Therefore, 


K =79.6+/3 =138 from equation 3 


Therefore, for all 57.4-kilogram animals. 
tested, including sheep, 

138 
I(#/2 per cent) - TE milliamperes (5) 
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Equations for I(1/2 per cent), includ- 
ing effects of shock duration and various 
body-weights, are obtained as follows. 
Let subscripts 1 and 2 be used to represent 
animals 1 and 2, respectively. Equation 


2 then may be written 


‘TiG/a percent) 1.26Wi+7.4 
T2(*/2 per cent) 1.26W2+7.4 
a 


or 
AQP per cent) = J2(!/2 per cent) X 
q 1.26W,+7.4 


126W.+74 milliamperes (6) 


Substituting equation 5 in equation 6, 

138 

T(4/2 per cent) =—=X 

: 2p ) /T 

4 126W+7.4 
1.26 X57.4+7.4 


_2.18W+12.8 
AE 
‘Inserting W=70 kilograms (average 
weight for man), 


milliamperes 


milliamperes 


_I(4/2 per cent) fibrillating current for man 


CE he 

noe ees (7) 
’ The broken line (neglecting the effect of 
the pigs) of Figure 6 was obtained by 
substituting equation 4 in equation 6 and 
W= 70 kilograms. It is interesting to 
note that the uncertainty of the current 
versus weight-lines of Figure 5 produces 
an inappreciable difference in the final 
result, as indicated by the small width of 
the crosshatched area of Figure 6. 

It should be repeated that this analysis 
is based on experiments in which the 
duration of the shock was varied from 
0.03 to 3.0 seconds. Extrapolation for 
larger range of shock durations should be 
made with caution; possibly the rela- 
tions might hold for durations from five 
seconds to one cycle or possibly one 
fourth cycle. No account is taken here 
of inhibition of respiration or of the 
cumulative effects of shocks at intervals 
of the order of seconds. These relations 

“are based on the assumption that the 
heart recovers fully from one shock be- 
fore a second shock occurs. In other 
words, the threshold currents are for 
single shocks. No data are available 
regarding the effects of repeated shocks 
such as those produced by intermittent 
electric fence controllers.®® It must be 
stressed that application to man is entirely 
conjectural. 

Relatively large currents (amperes and 
not milliamperes) may produce sufficient 
heat to destroy nerves, protoplasm, 
bone and cause hemorrhages resulting in 
immediate death. Delayed death may 
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Figure 6. Relation of 60-cycle sine wave 
fibrillating current to shock duration 


e Experimental points 

o Calculated points 

A—991/2 per cent line for 57.4-kilogram sheep 

B—5O per cent line for 57.4-kilogram sheep 

C—1/s per cent line for all 70-kilogram animals 
including man 

D—1/2 per cent line for 57.4-kilogram sheep 


be due to burns or other complications. 

For 0.03-second shocks, the hearts of 
sheep seemed to be most susceptible to 
fibrillate at currents of about six amperes, 
and less sensitive as the current was 
either increased or decreased from this 
value. Figure 7 was taken from refer- 
ence 4 to illustrate the point. The ex- 
planation of this phenomenon is that high 


Figure 7. Effect of 
current on susceptibil- 
ity of sheep hearts to 
ventricular fibrillation 


Shock duration 0.03 
second frequency 60 
cycles. Shocks ap- 
plied in partial refrac- 
tory period of cardiac 
cycle. Number of 
shocks and current 
spread indicated ‘for 
each point on curve 


PER:CENT OF SHOCKS CAUSING FIBRILLATION 
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currents catise complete contraction of 
the entire heart musculature, and fibril- 
lation is prevented. If the shock is of 
appreciable duration, death is inevitable. 
However, if the shock is of short duration, 
when the current is interrupted, relaxation 
may be followed by a spontaneous re- 
sumption of normal rhythmic contrac- 
tions. It is believed that the abdominal 
massage and accompanying stimulation 
of the heart caused by the application of 
artificial respiration may be beneficial in 
assisting the heart to regain its normal 
rhythm. This is offered in explanation 
of infrequent accident cases in which vic- 
tims apparently withstand relatively 
large currents. 

Ventricular fibrillation may be caused 
by mechanical stimulation of the heart 
when it is exposed during surgical proce- 


CURRENT AMPERES 
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dures as well as by electric shock, and 
occasionally the heart goes into fibrilla- 
tion during major operations involving 
thechest. Although several investigators 
have reported a degree of success in using 
counter-electric shocks to arrest fibrilla- 
tion in animals, C. S. Beck’ is the first 
to publish a procedure for human beings. 
He reports two cases in which two large 
electrodes were held directly against the 
heart and an alternating current of 1.5 
amperes successfully defibrillated the ven- 
‘tricles and saved the patients. Proce- 
dures applicable to the surgeon’s operat- 
ing table are vastly different from those 
encountered in most accidents. The 
brain and nervous systems remain viable 
from three to five minutes after circula- 
tion ceases. This time interval is so 
short that once ventricular fibrillation 
occurs in man, little can be done to save 
the victim. 

The hazard due to direct current is of 
increasing importance due to the greatly 
increased use of d-c welding equipment 
and high-voltage power supplies. The 
ratio of average d-c release to 60-cycle let- 
go currents is about 4.8 to 1. Ferris and 
associates determined the direct current 
required to produce ventricular fibrillation 


in 11 sheep for 3-second shocks, The © 


ratio of average d-c to a-c fibrillating cur- 
rent was 5 to 1. This information, al- 
though obtained for only 11 animals, is 
the only quantitative data available on 
fibrillating direct current. It is to be 
expected that the fibrillating current for 
very short shocks would approach the 
60-cycle crest value. This is a ratio of 
/2 to 1. If we assume that the 
lines of Figure 6 apply for durations as 
short as one fourth cycle, that is, 0.0042 
second, a second value may thus be es- 
tablished. A series of straight lines for 
direct current shocks similar to those of 
Figure 6 could be drawn, using the factors 
5 and 1.41 for shock durations of 3.0 and 
0.0042 second, respectively. 


The danger from capacitor discharge is 
of vital importance. It generally is be- 
lieved that the initial current and charge 
are of prime importance in determining 
the hazard. The time constant of the 
circuit and the stored energy also may be 
important, but no data are available on 
this phase of the subject. An idea of 
threshold fibrillating currents may be 
obtained from Figure 6, if we assume that 
the 60-cycle response holds for shocks of 
1/4-cycle duration. The one half of one 
percentile value for man corresponding to 
0.0042 second is 2,600 rms milliamperes. 
Multiplying by +/2 gives 3.7 crest 
amperes, which may be considered as the 
equivalent capacitor initial current. 
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ve Table I. Impulse Tests on Animals { 
— ae 
Capacitor 


Est. Open Charge, Animal Avg. 
No. of Age, Weight, Circuit Milli- Resistance, No. of : 
Animals Mos Lbs Voltage coulombs Ohms Shocks Remarks 


—— O_O eee eee | 


Spring lambs. Contacts—metal electrode on lips to rear feet in bucket of salt water 


TO creekeless 4-6..... b a oe 5 A5400 Save cin 2/« 1822s aps 550-1,750......3 ; 
LOR stores 4-6..... TOM ions TGOO si erstete a 2058.5 va « 550-1,750...... Biaweee Three sheep stunned ~ 
for 5-15 sec* 
iB Reeagas 4-6..... ih easter 750s aw alters DESO). geen 550-1,750......3......One sheep stunned 
for 5-15 sec* i 
Orreercietels ye Zee aleistele TE DON ae viaiele OP Re 550-1,750...... Devas te One sheep stunned — 
for 5-15 sec* 
Pigs, Contacts—insulated feed trough to rear feet on wet earth 
Lgtananisasteetaty 180-200..... LA0O Kae noite Ae She stchne co Aware 4 
Deets wakewe oc eras 180-200..... T4200 ecaveieiss Os Sb, 3 ob oi eetete ne 4 
ea Silat diate fete ete 215-225..... 1i000)5 5 calopieta VORO ints ocean 6 or eats 1 
Dr dsdiene Paraiwtatntare tev 215-225..... L200 cccts saint ZO ie esc vilek stab aRem 1 
Ui Seiecate ecteruikvi cle 215-225..... 1600 teat LOO sss, siete ehayest a plo i 1 
DD ac choters ate thera Leeye 215-225..... L750. cana LTO tek cela pace cite cine meets 1 
DL eretgiaeerere rere atare ie 215-225..... TAOO} re etee SF es cage bn Gee ek nae at ; 
LD icecink cr nome e 216-225..... DUE ar eesice, ZV vcicrag ern edaieele ela ee p rae One pig stunned f . 
60 sec* 


* Animals were stunned on third or fourth consecutive shock. 


Reference 5 contains an account of 
studies made by the author in the at- 
tempt to determine the hazard due to 
impulse currents. The investigation was 
made to determine the hazard of ca- 
pacitor-discharge electric-fence control- 
lers and included a survey of human ac- 
cidents on lightning generators. A few 
capacitor discharge tests were made on 
male volunteer subjects on voltages up to 
1,750. Impulse tests using larger ca- 
pacitors were made on spring lambs and 
pigs. Table I shows some of the data 
obtained from tests made on the animals. 
No fatalities were experienced and higher 
power was not used because of limitations 
of equipment. No attempt was made to 
co-ordinate the shocks with the sensitive 
phase of the heart-cycle. However, be- 
cause of the large number of shocks ap- 
plied, it is reasonable to assume that they 
were distributed throughout the heart- 
cycle, and probably many occurred dur- 
ing the sensitive phase. It would seem 
that the highest currents given the small- 
est animals might give some idea of 
reasonably safe upper limits. The aver- 
age weight of the spring lambs was 72 
pounds or 32.6 kilograms, maximum volt- 
age 1,750, and maximum charge 22.7 
millicoulombs. Considerable difficulty 
was experienced in measuring the body- 
resistance of the animals because of un- 
avoidable variations in contact resist- 
ances. Best results were obtained using 
a d-c ohmmer, the values ranging from 
550 to 1,750 ohms. Using a conserva- 
tive value of 930 ohms for circuit, animal, 


* The charge or quantity of electricity passing a 
given point in a circuit is given by: 


Q=1078 fi dt millicoulomb (milliampere-seconds) 


For a capacitor of C microfarads charged to E kilo- 
volts, 


Q=CE millicoulomb (milliampere-seconds) 
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and contact resistance, equation 6 gives 
an initial current of 3.7 amperes which 
compares with that suggested in the pre- 
ceding paragraph. If we assume that 
equation 6 holds for both current and 
charge, the corresponding value for man is 
45 millicoulombs.* 

The criterion proposed for defining 
dangerous current thresholds is based on 
the current which might produce ventricu- 
lar fibrillation in one half of one per cent 
of a large group of normal adult men. 
The choice of course is arbitrary, and any 
other number could be selected. There is 
no intention to be ruthless about the 
remaining one half per cent; however, 
one has to stop somewhere, and the 1/2 
percentile was considered a reasonable 
stopping point. Perhaps the best justi- 
fication for choosing the 1/2 percentile is 
that it was used in estimating reasonably 
safe let-go currents and provoked no ad- 
verse comment.!?* As previously men- 
tioned, all available experimental data 
were analyzed carefully, and in instances 
which required special judgment (such as 
just where to draw the best line to de- 
termine the general trend of a response), 
an attempt was made to adopt procedures 
which would give a conservative final re- 
sult. Several different attempts were 
made to correlate the data, but the 
method proposed is believed to be the 
best that can be done. It is indeed un- 
fortunate that statistical predictions must 
be expressed numerically, as there is a 
tendency to place too much emphasis on 
mere numbers. Quite aside from the un- 
certainties of the present analysis, there 
remains the important uncertainty of 
transferring results obtained from animal 
experimentation to man. However, data 
from numerous human accidents, al- 
though meager and inconclusive, seem to 
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EELING OPERATIONS impose a 
: number of special requirements on 
‘the reel drive, particularly if the latter 
‘is of the so-called core type as compared 
to the rather rarely used peripheral type 
ative, 
_ Ina core type drive the reel is driven 
perough a center axle on which it is 
mounted. This type is usually pre- 
ferred to the peripheral type drive which 
involves traction along the periphery of 
the reel and thus requires a direct con- 
tact and a sufficiently high tangential 
force exerted upon the material being 
wound. It is apparent that, although the 
peripheral drive usually will represent a 
‘much simpler electric system since it is 
not influenced by the change in the diam- 
eter of the reel, it is often undesirable 
or even impossible to transmit the driv- 
_ing torque directly through the material 
involved in the winding operation. 
_ The core type drive, on the other hand, 
does not present these disadvantages, 
and is used most commonly, although it 
normally involves other problems and 
_ the resulting complications of the electric 
system. ° 


indicate that the proposed threshold 
values are conservative. It is the au- 
thor’s opinion that currents much in ex- 
cess of the proposed threshold values must 
be considered very dangerous to human 
life. Perhaps, at some future date, suf- 
ficient time and funds may be available 
and a more accurate solution be obtained. 
We are indebted to H. B. Williams for 
the following discussion of effects at high 
frequency. On sinusoidal high-frequency 
alternating currents, or on repeated cur- 
rent pulses of very short duration, ac- 
count must be taken of the fact known to 
physiologists that, as the shock duration 
decreases, its strength must be increased 
in order to produce the same stimulation. 
As the duration becomes very small, this 
increase must be very great, finally be- 
coming so great that destruction of living 
substances may occur before it can re- 
spond. At higher frequencies, large 
currents may pass without causing 
stimulation of muscles or nerves, and 
these may cause deep heating effects. 
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Two basic quantities usually are asso- . 


ciated with any reeling operation where a 


‘continuous strip of material such as 


yarn, fabric, wire, or steel, for example, 
is drawn by the so-called take-up reel 
and wound on it, so that the diameter 
of the reel gradually increases during the 
process. The first quantity is the speed, 
and the second, the tension of the strip. 
Some reel systems impose exacting re- 
quirements as to the automatic regula- 
tion and control of one or both of these 
quantities. 

This paper presents the description of 
a recently developed electronic drive and 
control for a core type take-up reel where 
the speed of the strip is maintained con- 
stant automatically during the entire 
reeling operation. In addition, the speed 
of the strip can be preselected by the 
operator within a wide and stepless 
range. The problem of tension of the 
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Since the heat-sensitive mechanism is 
located in the skin, there is a possibility 
of damage to internal organs by high- 
frequency currents even though no very 
unpleasant sensations may be apparent. 
The currents necessary to produce this 
effect would be in the order of an ampere 
or more. High-frequency currents of 
several hundred milliamperes are used 
quite commonly by the medical pro- 
fession for deep heating. This form of 
treatment is called medical diathermy. 
In concluding, it should be mentioned 
that, because of the wide variation in the 
physical condition of individuals, an oc- 
casional death is to be expected from 
casual contact involving electric currents 
known as safe for most normal, healthy 
individuals, but these are probably not 
fibrillation deaths. It is gratifying in- 
deed that victims surviving the initial 
shock of an electrical accident seldom 
suffer serious aftereffects or other per- 
manent disability. Since it is impossible 
for the layman to distinguish between 
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strip is not ei eonsidered here. In many of 
the applications, tension of the strip is 
of secondary importance, and proper 
control of speed is a fundamental require- 
ment. Furthermore, tension regulating 
devices always can be added, if so re- 
quired, by proper control of the unwind- 
ing reel. The drive described in this _ 
paper has been developed for take-up 


bras-r 
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UNWINDING 
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Outline of a windup reel system 


Figure 1. 


reels in systems where the reel also per- 
forms the drawing of the strip and thus 
determines the speed of the line. 


Principles of Core Type Reeling 


In Figure 1 is shown schematically a 
take-up reel with its minimum and 
maximum diameters. The radius of the 
reel builds up during the reeling opera- 
tion from a minimum value R; to a maxi- 


respiratory inhibition, ventricular fibril- 
lation, and heart failure, he should begin 
artificial respiration immediately and 
stummon medical aid as soon as possible. 
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mum value R;. The speed of thestripmay 
beexpressed by the following equation 


v=2nR feet per minute (1 
where 


n=motor speed in revolutions per minute 
R=instantaneous radius of the reel in feet 


The torque developed by the motor 
T = FR-+Ty pound-feet (2) 
where 


F=tension of the strip in pounds 
Ty=torque loss due to friction in the reel, 
gears and windage 


The power developed by the motor may 
be expressed as 


P=20nT 
or, considering equation 2, 


P=2nn(FR+T>) 
P=20nRF+2xnTy (3) 


The first term of equation 3 obviously 
represents the useful power required to 
draw the strip, and is the product of the 
strip speed v, and strip tension F. The 
second term, which is the product of the 
motor angular speed and the friction 
torque of the reeling system at the motor 
shaft, represents the loss of power of the 
reeling system. Thus, the efficiency of 
the reeling system 


To (4) 


It is apparent from equation 1 that in 
order to maintain constant line speed 2», 
the speed of the driving motor must 
change in inverse proportion to the diam- 
eter of the reel. On the other hand, if 
the friction torque Ty is neglected, then 
the power required during the reeling 
operation 


P=vF=2nnRF=constant 


Thus, if a constant line speed is to be 
maintained during the reeling from an 
empty reel with a radius Rj, to a full reel 
with radius R:, the speed of the driving 
motor m corresponding to any inter- 
mediate radius R of the reel should be 


R 
n=m (5) 


where 7; is the motor speed for an empty 
reel, 

As was mentioned previously, the 
power requirement imposed on the drive 
during reeling remains essentially con- 
stant and, consequently, the most ade- 
quate and economical way of obtaining 
the required speed control is by con- 
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Figure 2. General = UNWINDING 
scheme of the elec- 
tronic drive for windup 


TACHOMETER 
GENERATOR 


CONTROL 
STATION 


trolling the field excitation of a d-c shunt- 
wound motor. 

Another type of speed control is neces- 
sary to provide an adjustable strip 
speed, and it is often required that a 
speed range as wide as ten to one be 
provided by the drive. Here, if an ap- 
proximately constant tension is assumed, 
for any given radius of the reel, the re- 
quired torque is independent of the line 
speed (see equation 2), and the required 
horsepower is directly proportional to the 
line speed »v (if the friction torque To is 
neglected). Consequently, the armature 
voltage control of a d-c shunt-wound 
reel motor is the most suitable means of 
obtaining the control of the strip speed. 


A clear distinction between the two 
types of the reel-motor speed control 
should be specifically emphasized. For 
any given diameter of the reel, the line 
speed should be adjustable by armature 
voltage control of the driving motor, 
and the speed of the motor should remain 
constant for a given excitation and 
a given speed setting, even if the 
torque is varied within wide limits. This 
speed control should not respond to 
changes in the diameter of the reel. 

The second type of speed control should 
respond automatically to any change in 
the diameter of the reel, so that with 
increasing diameter, the excitation of the 
motor should increase automatically to 
slow the motor down just enough to 
prevent the speed of the strip from being 
increased. ‘The field control of the motor 
should not respond, generally speaking, 
to any change in line speed obtained 
through the armature voltage control. 


Basic Control System 


To maintain a constant strip speed 
with varying diameter of the reel, an 
electronic field regulator is incorporated 
into the system. The term regulator, 
or servomechanism means an automatic 
control system characterized by a closed 
cycle of interdependence of quantities 
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involved, so that a slightest deviation of 
the regulated quantity from the pre- 
determined value results in the appear- 
ance of the so-called restoring force, 
which acts in the direction to oppose 
any change in regulated quantity, or, 
if some change has already occurred, to 
restore the quantity to its original value. 
Actually, the most accurate and sensitive 
regulator is unable to restore the deviated 
quantity to exactly its original value, 
when a definite cause for the deviation 
exists. This is so because the regulator 
creates a restoring force or ‘‘back-to- 
normal’ action only in response to some 
existing deviation, and a new balance of 
the system always will be established 
only with the existence of some deviation. 
However, a satisfactory regulating system 
will reduce the deviation to such a mini- 
mum that, depending upon the applica- 
tion, it may be assumed to be negligible. 

Any regulator is characterized by the 
following four basic elements which form 
the links of the previously mentioned 
closed cycle of interdependence of quan- 
tities: 


1. Indicator of the regulated quantity. 
2. Standard reference quantity with which 
the regulated quantity is compared. 


3. Amplifier which originates a sufficiently 
strong restoring force even for minor devia- 
tions of the regulated quantity from the 
prescribed value. 


4. Restoring force which manifests itself 
in an action opposing any deviation of the 
regulated quantity. 


In addition, a regulator may have a 
number of secondary elements such as 
damping (antihunting) and anticipatory 
elements which play a vital part in the 
stability and the time of recovery of the 
regulating system. 

The electronic reel drive is shown 
schematically in Figure 2. A tachom- 
eter generator driven by the strip 
through an idler roll is used as the indi- 
cator of the regulated quantity, that 
is, of the line speed. Since this generator 
is required to deliver only negligible 
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power, ‘its size may be small and, conse- 
q ently, its WR? and losses equally 
mall. The preferable tachometer gener- 
tor is a d-c permanent-magnet type, 
s here there is no need to provide 
eparate excitation or, as in the case of 
in a-c type, to amplify and then rectify 

e output to make it a useful indication 
a speed. Besides, the permanent- 
‘magnet type tachometer generators 
‘usually have an excellent voltage-speed 

haracteristic. The output voltage of 
d-c permanent-magnet tachometer 
enerator represents a linear function 
f its speed, particularly when the current 
output is negligible. The voltage output 
‘is relatively high, of the order of 50 volts 
‘per 1,000 rpm, and for all practical 


intents and purposes, independent of 


temperature changes or any other ex- 
A typical voltage— 


ternal influences. 
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Figure 3. Typical output voltage of a d-c 
permanent magnet tachometer generator 


speed characteristic of a permanent- 
_ magnet tachometer generator is shown in 
Figure 3. 
The output voltage of the tachometer 
generator (see Figure 2) is introduced 
_into the field control portion of the elec- 
tronic drive where it is balanced or com- 
‘pared with a reference voltage. The 
difference of the two is then fed into an 
amplifier, and after the amplification, is 
used to control the output of a thyratron- 
exciter which supplies the field current 
to the reel motor. As it will be seen 
later, the control circuits are so designed 
that when the line speed tends to increase 
because of the increase in the diameter 
of the reel (see equation 1), the field of 
the motor is strengthened to slow the 
motor down in accordance with equation 
5. This forms the previously mentioned 
closed cycle of interdependence of quan- 
tities, which is represented in Figure 4. 
The armature power supply and arma- 
ture control of the electronic drive is 
obtained by means of a controlled 
rectifier consisting of thyratron elements 
and various control circuits. These cir- 
cuits provide a constant-speed charac- 
teristic so that for a given excitation of 
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‘torque values. 


the field, the speed of the motor remains 
essentially constant for any variation of 
torque within the operating range of 
The armature control 
circuits are of the voltage regulated, 
IR drop compensated type. They pro- 
vide a properly rising voltage—current 
characteristic and essentially constant 
speed-current characteristic. Current 
limit features also are incorporated in 
the armature control circuits, to take 
care of the starting and overload condi- 
tions of the drive. 

In addition to a constant speed—torque 
characteristic, the armature control cir- 
cuits provide means for adjustment of 
the motor speed by voltage control, and 
in that manner the strip speed can be 
changed. Each setting of the speed 
control dial corresponds to a different 
but strictly determined line speed, auto- 
matically regulated to stay constant and 
independent of the changes in the diam- 
eter of the reel. Usually, the line 
speed control dial is a small 11/, inch 
in diameter potentiometer, assembled as 
a part of a separately mounted control 
station, which also includes other opera- 
tor’s controls such as start and stop 
push buttons and threading speed push 
button. The operator’s control station 
usually is mounted remotely from the 
cabinet housing all the electronic con- 
trols and at a location most convenient 
for the operator. The armature control 
portion of the drive as well as the opera- 
tor’s control station is shown schemati- 
cally in Figure 2. 


Special Problems 


Outside of system stability problems 
which are, of course, present in any 
regulating system and require special 
stabilizing means, the following two 
problems are of particular importance: 


1. Field control during the acceleration. 


2. Field regulator response to a change in 
line speed resulting from the readjustment 
of that speed by the operator. 


Although these problems will be dis- 
cussed in more detail later, in connection 
with the description of circuits, it seems 
appropriate to mention their nature in 
advance. 

Referring to the acceleration problem, 
it should be noted that at the instant of 
starting the reel drive, the voltage output 
of the tachometer generator is zero. 
Furthermore, at the start of the reeling 
operation the reel is empty and, obviously, 
the driving motor and reel should acceler- 
ate to a maximum operating speed, 
corresponding to the lowest operating 
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value of the motor field. Consequently, 
it follows that on starting of the drive, 
when the speed of the line is zero, the 
regulator, responding to a low speed signal 
of the tachometer, will naturally tend to 
decrease the field excitation of the motor 
toa minimum. Considering a relatively 
low value of starting current limited by 
the current limit circuit (see section on 
armature control) to about 200 per cent 
of rated armature current, it will become 
apparent that a very low starting torque 
will be developed by the reel motor so 
that the latter may not accelerate at all. 
To prevent this, a special electronic 
accelerating circuit is added to the field 
regulator, When the reel motor is not 
running, this field accelerating circuit 
maintains full field current, and when the 
motor is started, the field still is main- 
tained during the initial portion of the 
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Figure 4. Cycle of interdependence of the 
strip speed regulator 
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accelerating period. Then the field cur- 
rent gradually is decreased exponentially 
with time, but, owing to a special 
electrical coupling between the armature 
and field control circuits, it never is 
allowed to decrease below a certain 
minimum value, as long as the armature 
current exceeds the rated value more 
than by about 50 per cent. As soon as 
the armature current drops to its normal 
operating value, indicating that the 
acceleration of the motor is completed, 
the action of the field accelerating circuit 
disappears, and the field current of the 
motor is controlled by the regulator 
through the tachometer generator which 
has by that time accelerated to its operat- 
ing speed. From now on the regulation 
of the line speed proceeds as described 
previously. 

The problem of the field regulator re- 
sponse to a change in tachometer gener- 
ator signal, when caused by the readjust- 
ment of the line speed by the operator, 
deserves special attention. As pointed 
out before, the slightest change in the 
tachometer generator output voltage, 
indicating a change in line speed, normally 
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will result i in the action a the regulator 


to properly change the motor excitation 


and its speed in such a way as to oppose 


- any change in the tachometer generator 
signal voltage. However, if the change 
of the tachometer generator voltage is 
caused by the line speed change through 
armature voltage control, the regulator 
obviously should not respond to that 
change. In other words, when the change 
in the tachometer generator voltage is 
a result of the change in diameter of the 
reel, the regulator should respond and 
control the motor field, but for any given 
diameter of the reel, the field current of 


the motor should remain essentially the 


same for different line speeds. 

This requirement is fulfilled by using 
two potentiometer units mounted in 
tandem as operator’s line speed control. 
One of the potentiometer units is used 
in a regular manner as the armature 
speed control, the other properly 
changes the field regulator reference 
voltage. Thus, for example, when the 
knob of the speed control is operated 
to call for a higher line speed, the tachom- 
eter generator signal voltage will be- 
come higher, and this normally would 
cause the regulator to increase the excita- 
tion of the motor. However, the opera- 
tion of the control knob in the direction 
to increase the line speed also will in- 
crease the reference voltage of the field 
regulator in such a manner that the 
difference between the two voltages will 
temain the same, and the field current 
will not be changed. 


The voltage across the reference 
potentiometer of the regulator can be 
easily adjusted so that a change in line 
speed and in armature voltage is accom- 
panied by a proper change in reference 
voltage of the regulator. In fact, this 
adjustment by no means is critical, and 
some small changes in the field current 
for different operating line speeds can be 
tolerated, since this will not produce any 
adverse effect on the operating or regu- 
lating properties of the drive. 


Electronic Circuits of the Drive 


A simplified schematic diagram of the 
electronic drive is shown in Figure 5. 
It includes all the elements necessary for 
the proper explanation of the principles 
of operation of the system. For the 
sake of simplification, details of various 
auxiliary d-c power supplies have been 
replaced by batteries. Heater circuits 
for all the electronic tubes have been 
omitted, and all the grid controlled tubes, 
both of the thyratron and high vacuum 
type, are represented as triodes. All 
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oy 
‘have been omitted. 


the entire electric system of 
drive and is divided distinctly 
armature control ‘and the ‘field cont 
portions. . 7 


Armature Control Circuits 


The armature control circuits are 


similar to those described and analyzed 
in detail in a previous paper.! They 
consist, as shown in Figure 5, of four 
major groups: the controlled power 
rectifier, master regulating and control 
circuits, IR drop compensating circuits 
and the current-limit circuits, The 
power rectifier circuit is shown as a 
symmetrical 2-phase rectifier (often called 
single-phase full-wave rectifier) although 
it may be also a 3-, 4-, or 6-phase unit, 
depending upon the horsepower rating 
of the drive. The rectifier consists of a 
center-tapped winding of the main trans- 
former 71, two thyratron tubes 1 and 2, 
contacts FCR of the main contactor, 
fuses in the anode circuits, grid trans- 
former 73, and current transformer T2. 
A phase-shift circuit consisting of a center- 
tapped winding of transformer 71, re- 
sistor R14, and capacitor Cl provides a 
voltage which lags the rectifier anode 
supply voltage by about 90 to 100 de- 
grees. This lagging voltage is applied 
to the primary winding of the grid trans- 
former T3. The grid control voltage of 
the thyratrons consists of an a-c com- 
ponent supplied by transformer T3 and 
a d-c component. The latter is ap- 
plied between the cathodes of tubes 1 
and 2, and the center tap of the grid 
transformer T3. During the control 
process the angle of ignition of the thy- 
ratrons is changed either automatically 
or manually by proper changes in the 
d-c component which may assume both 
negative and positive values so that the 
constant a-c component of the grid 
voltage, superimposed upon the variable 
d-c component, can be moved up or down 
and control the angle of ignition in a 
well-known manner. 


Control of the d-c component of the 
thyratron grid voltage is obtained through 
the variable voltage across the load 
resistor R10 of the main control tube 5. 
If tubes 3, 4, and 6 are disregarded tem- 
porarily, it will be easy to notice that 
the armature system is an adjustable 
voltage regulator. Thus, the voltage 
across R2 is the indicator of the regu- 
lated quantity, being proportional to 
the armature voltage. The adjustable 
portion of the potentiometer PA repre- 
sents the reference voltage. The PA 


Puchlowski—Electronic Drive 


components in 1 that portion of ‘the 
essentially are constant except the volt 
across R10 which changes with the p p 
current of tube 5, and performs Ht 
actual ‘control of the angle of ignition 
the power thyratrons. It is imp ta: 

to note that the direct voltage acre 
R10 has a negative polarity with res} ct 
to the grids of thyratron tubes. Thus, | 
when the plate current of tube 5 is high, 
the angle of ignition of the thyratrons is 
delayed greatly, and if the current o: 
tube 5 still will increase, the thyratrons © 
will be cut off altogether. Conversely, 
when the plate current of tube 5 is de . 
creasing, the negative voltage oes 
across R10 will decrease, and the angle 
of ignition of the power thyratrons will | 
be advanced, increasing either the voltage ~ 
or the current output of the armature 
rectifier, or both. 


It is apparent that the voltage across” 
R10 together with the grid control of 
the thyratrons represents the restoring 
force of the armature voltage regulating 
system, since any deviation of this 
voltage from the prescribed value will 
result in a response of the amplifier 5 
and a change in voltage across R10 in 
the direction to oppose the deviation of | 
the armature voltage. Furthermore, a 
change in the reference voltage obtained~ 
by the readjustment of PA will result in 
a change in rectifier voltage output so 
that a new balance of the system will be 
obtained at a different armature voltage, 
that is, a different speed of the motor. 
The difference between the reference and 
the indicating voltages, however, will not 
be changed appreciably because of the 
strong amplifying action of the regulating 
tube 5. 

It is well known that if the armature 
voltage remains constant, for a constant 
excitation, the speed of the motor usually 
will drop with increasing torque, as is 
normally the case for shunt-wound 
motors. This drop is caused mainly by 
the JR drop in the armature circuit. 
Although this drooping speed—torque 
characteristic is usually not objection- 
able at rated motor speed, at lower speeds 
such as one-tenth of the base speed, a 
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normally drooping characteristic of about 
10 per cent will mean a very poor speed 
regulation and even the inability of the 
drive to develop full torque. 

In order to correct this objectionable 
droop, an JR drop compensating circuit 
is provided. The main element of the 
compensating circuit is tube 4, which is 
‘controlled automatically by a grid 
voltage proportional to the armature 
current. The indication of the latter is 
obtained through a special current trans- 
former T2 whose two primary current 
windings 72P are connected in series 
with the anodes of the power thyratrons 
land 2. Although each of the windings 
conducts unidirectional current pulses, 
connections are such that the resultant 
magnetic effect is the same as if an 
alternating current were flowing in the 
current windings. This prevents the 
saturation of the current transformer. 
The voltage generated in the voltage 
winding 72S, generally speaking, is 
proportional to the motor current. This 
voltage is rectified by means of tube 6 
and then filtered out (the filter is not 
shown in Figure 5) so that the direct 
voltage across R13 may be used as an 
indication of the armature current. 

There are two main voltage components 
in the grid circuit of tube 4: the negative 
bias voltage obtained from P2, necessary 
to determine the proper operating point 
of tube 4, and the positive current- 
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Figure 5. Schematic diagram of the electronic 
drive for windup reels 


indicating voltage, described in the pre- 
ceding paragraph. Thus, an increase 
in motor torque and motor armature 
current will cause an increase in plate 
current of tube 4 and an increase in 
magnitude of the voltage across P83. 
It will be noted that P3, which repre- 
sents the JR drop compensating adjust- 
ment, forms part of the grid circuit of 
the master control tube 5. The voltage 
across the adjustable portion of P3 forms 
an additional negative component of the 
grid voltage of tube 5, and with increasing 
load current of the motor, the grid of 
tube 5 becomes more negative, the plate 
current decreases, and the firing point 
of the power thyratrons is advanced 
just enough to compensate for increasing 
IR drop of the motor. Conversely, the 
opposite will occur with decreasing load 
of the motor. 

Tube 3 acts as a current-limiting ele- 
ment of the armature control system. 
This tube, which is characterized by a 
sharp cut-off, is biased off by an adjust- 
able negative voltage obtained from P1 
and does not conduct any current for all 
the normal loads of the motor. However, 
when the load current of the motor ex- 
ceeds a certain critical value, the voltage 
across R13 becomes so high that tube 3 
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will start to conduct. It will be noted 
that the load resistor of tube 3 designated 
as R5 is in the grid circuit of the master 
control tube 5. As soon as tube 3 starts 
to conduct, a voltage appears across the 
resistor R5, and the polarity of this 
voltage is positive with respect to the 
grid of tube 5. Since tube 3 itself pro- 
vides a considerable amplification, a very 
small increase of the voltage across R13 
beyond its critical value results in ap- 
pearance of a much higher voltage across 
R5. As a result, the plate current of 
tube 5 is increased, the firing point of the 
thyratrons delayed, and the armature 
voltage lowered. 

If the motor current continues to rise, 
the delay of firing point of the rectifiers 
will soon become so great and the arma- 
ture voltage so low that the motor will 
stall with the armature current reaching 
its limit value. This limit is normally of 
the order of 200 per cent of the motor 
rated current, although it may be ad- 
justed by means of the potentiometer 
Pl. The current limit which, for a 
given excitation of the motor, may be 
called torque limit, plays an obviously 
important part during the acceleration 
and overload of the drive. 

Capacitor C2 connected in parallel 
with the current limit control potentiom- 
eter P1, as well as contacts 1CR and 
FCR in series with P1, have an important 
function during the starting and stopping 
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‘cause the tube 5 also to conduct full 
current, and the thyratron tubes will be 
cut off, even before the FCR contacts 
will have time to open completely. 


current. This, fo) 


Asa 
result, no arcing across main FCR con- 
tacts will occur. \ 

- When the motor is stopped, capacitor 
C2 is discharged by a parallel contact of 
1CR. On starting the motor, the thyra- 


trons are cut off by grid control as 
initially there is no voltage across P1. 


After the closure of the relay 1CR and 
contactor FCR, the voltage across P1 
appears gradually since it has to follow 
the voltage across capacitor C2 which 
is charged from the source B4 through 
the resistor R13A. Consequently, the 
firing angle of the thyratrons is advanced 
smoothly until the current limit circuit 
takes over the control of the acceleration. 


Thus, during the starting of the drive, ’ 


no objectionable current surges may 
occur in thyratrons 1 and 2, and no 
sparking on the main contacts of FCR 
ever takes place. 


Field Control Circuits 


A general outline of the strip speed 
regulator operating through the field 
control of the motor was given in one of 
the previous sections of the paper. A 
simplified schematic diagram of the strip 
speed regulating system is shown in 
Figure 5. It must be noted that the 
power rectifier portion of the electronic 
field exciter is fundamentally the same as 
the power rectifier for armature control, 
described in the previous section. It 
consists of two thyratron rectifiers 7 and 
8, a center-tapped transformer winding, 
a grid transformer 75, and a phase-shift 
circuit which provides the constant a-c 
component of the thyratron grid voltage. 
The current transformer 74, however, 
has a function different from that of 
transformer 72. 

The variable d-c component of the thy- 
ratron grid voltage is developed between 
the cathodes of the thyratrons and the 
center tap of the grid transformer. It 
consists of two voltages: a constant 
negative voltage across R25 and a variable 
positive voltage across R24, The voltage 
across resistor R24 is changing with the 
plate current of either tube 10 or 9, or 
both. 

Tube 10 is the field regulating tube 
and represents the amplifier of the strip 
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“It should be noted that the re 
voltage in Figure 5 is obtaine 
of the main voltage divider which 
includes resistors R25 and R26 and 
supplied from the d-c source B6. Al 
though the plate current of tube 10 will 
flow through R27 and PR and will change 
the reference voltage, such a simplified 
arrangement is permissible if the re- 


sistance of R27 and PR is relatively low 


so that the voltage drop in these resistive 
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Figure 6. Typical operating characteristics of 
the electronic drive 


elements caused by the plate current of 
tube 10 is small. Furthermore, one must 
remember that during the operation of the 
regulator the plate current of tube 10 
changes only slightly because of the 
general amplification of the system, so 
that the actual change in reference voltage 
caused by the change in plate current of 
tube 10 is negligible. 

As an example, with total reference 
voltage of 25 volts, the resistance of 
R27 and PR equal to 1,000 ohms and the 
change in the operating plate current of 
tube 10 of 0.1 milliampere for the entire 
reel-diameter build-up of two to one, 
the resulting change in reference voltage 
will be equal to 0.1 of one volt. Thus, 
the error caused by the change in the 
reference voltage will amount to 0.4 
of one per cent. 

Although the figures cited in the pre- 
vious paragraph are based on actual 
test records, they may vary for different 
motors and different reel-diameter ratios, 
and in some cases it may be advisable 
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R22 will increase in propot 10: 


reference voltage across the 2 
tion of PR will increase likewise. 
manner, the difference of the two v 
in the grid circuit of tube 10 will r 
the same and the field current of then 
motor will not change. sat 
Under normal operating conditions, 
during the regulating process, the acceler- 
ating tube 9 does not conduct any cur- 
rent being biased off by the negative 
grid voltage across R19. It will be 
noticed that in addition to resistor R19 
the grid circuit of the accelerating tube 9 
also includes the resistor R5 whose signifi- 
cance in the armature control circuits 
was described previously. This resistor, 
however, plays a very important part in 
the field control circuits as well. j 
Before the drive is started the relay ; 
1CR is de-energized, and there is no — 
voltage across the resistor R19. Conse- — 
quently, the accelerating tube 9 conducts — 
full current resulting in full voltage across 
R24 and full exciting current of the reel 
motor. After the start pushbutton is 
depressed both 1CR and FCR pick up 
and the negative bias of tube 9 gradually 
appears across the resistor R19. The 
increase of the voltage across R19 is 
gradual because of the charging of ca- 
pacitor C6 through resistor R20. As a 
result, the plate current of tube 9 and 
the voltage across R24 will decrease 
slowly and so will the excitation current 
of the motor. In the meantime, however, 
the motor and the tachometer generator 
will continue to accelerate, so that at a 
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‘the presence of the positive voltage 
across R5 will prevent both the plate 
current of tube 9 and the field current 
of the motor to decrease below a certain 


minimum value, so that an adequate 
accelerating torque will be maintained. 
As soon as the acceleration of the reel 
system is completed, the armature current 
will drop to a normal operating value, 
the voltage across R5 will disappear, and, 
if the charging of capacitor C6 was com- 
pleted before, the plate current of tube 9 
will disappear also. 

The antihunting circuit of the regu- 
lator consists of transformer 74, tube 11, 
capacitor C5 and potentiometer P4. 
Transformer T4 is basically of the same 
type as transformer 72 which was de- 
scribed previously. The voltage ob- 
tained in winding 74S of this transformer 
is rectified by means of tube 11, but the 
d-c component of the rectified voltage 
does not appear across P4, being blocked 
by capacitor C5. However, if the field 
current will tend to change abruptly, a 
transient current caused by charging or 
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always will be of such p polarity with re- 
spect to the grid of tube 10 that an action 
opposing a fast change in the restoring 
force will occur. 
that this damping action will take place 
in response to the rate of change of the 


Figure 7. Main ele- 

ments of a 3-horse- 

power drive for wind- 
up reels 


average field current and not to the 
change itself. Thus, if the average field 
current tends to increase abruptly, a 
high charging current of capacitor C5 
will cause the appearance of a transient 
negative voltage in the grid circuit of 
tube 10. This voltage will tend to de- 
crease the plate current of the regulating 
tube, and, consequently, oppose the pre- 
viously mentioned rise of the field cur- 
rent. 


Performance and Conclusions 


Typical operating characteristics of the 
electronic drive are shown in Figure 6. 
They represent the strip speed in feet 
per minute as a function of the reel-radius 
ratio for two different strip speed set- 
tings. 

The corresponding change in the field 
current of a 3/4-horsepower reel mo- 
tor is also shown in Figure 6. 

It will be noted that in the particular 
case represented in Figure 6 the radius 
of the reel increased 2.3 times during the 
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¥ capacitor CR; will Saw 
a ‘Fh, a transient voltage 


if a constant speed motor were used (an _ 
will appear across P4 and this voltage 


It should be noted 


ie 


enter pele een Theoretically, 


induction motor for example) ‘the. strip 
speed during the reeling would increase 
in proportion, that is, the speed at the 


end of the reeling operation would con- og 
stitute 230 per cent of the speed at the ue 
start of reeling. . Wer 
With the electronic deve the strip Oy a 
speed changed from 48.8 feet per minute es 


for empty reel to 50.0 feet per minute for 
a full reel, that is, increased | by 2.46 c ag 
per cent. The accuracy of the regulator _ 
is related closely to the general stability “at 
of the whole system and depends upon a 
the type of the motor, the reel-diameter 
ratio, the behavior of the back-tension 
during the reeling operation and other ae 
similar factors. Formanysystemsofthe = = 
more stable character, the accuracy of 
regulation can be easily improved to 
one or even one-half of one per cent at — 
full strip speed. For lower strip speeds ie, 
the amplification of the system will be 
lower, and the percentage of regulation 
will be increased correspondingly. Thus, 
for a strip speed set at 30 feet per minute 
(see Figure 6), the speed will change from 
28.8 feet per minute to 30.0 feet per min- 
ute or by 4.16 per cent. 
An important condition for a satis- 
factory operation of the drive is the 
selection of a proper operating range of 
the motor field current. The portion 
of the motor magnetic characteristic 
which represents the range of appreciable 
saturation should not be used, since over 
that range the overall amplification of | | 
the system is reduced considerably. It 
may be noticed from the field current 
graph in Figure 6 that the range of high 
saturation of the motor has been left 
outside the operating range of the system. 
In other words, if the motor is designed so 
that its full field current corresponds to 
an appreciable saturation of its magnetic 
characteristic, the operating full field 
current should be sufficiently below the 
rated full field current of the motor. 
A typical 3-horsepower electronic drive 
for a windup reel is shown in Figure 7. 
It includes the complete electronic recti- 
fier and control system enclosed in the 
cabinet, the reel motor, the tachometer 
generator and the operator’s control 
stations. In addition to the parts shown 
in Figure 7, a complete system also 
includes a power transformer, not shown 
in the figure. 
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Synopsis: Experience has shown that mul- 
tiple electrical failures may occur simulta- 
neously in an industrial plant as the result of 
an initial breakdown of insulation causing 
high transient voltages. Available methods 
of surge protection to guard against insula- 
tion breakdown and neutral grounding to 
prevent high transient voltages are pre- 
sented. Consideration is given to the merits 
and limitations of these methods when ap- 
plied to industrial plants. 


ROTECTION against insulation 

breakdown and its consequential dam- 
ages long since has been considered 
paramount by utility engineers. Their 
experiences in supplying dependable 
power at low cost have proved that in 
the electrical industry there is much 
wisdom in the old adage, ‘‘An ounce of 
prevention is worth a pound of cure.” 
As industrial plants become more and 
more electrified, and they are doing so 
rapidly, industrial engineers likewise must 
pay more heed to this very important 
problem. It is the purpose of this paper, 
therefore, to review some of the factors 
involved and to outline modern methods 
of protection that have proved beneficial 
in industrial plants. 


Fundamental Considerations 


Electricity under control is mankind’s 
most submissive form of power and func- 
tions with almost magic imperceptibility. 
However, it is ever on the alert to escape 
its fetters and, once on the loose, it be- 
comes a violently destructive force that 
defies submission. It is imperative, 
therefore, that great care be taken to 
keep it under control, that its path of 
destruction be limited in case it gets 
out of control, and that it be brought 
back under contro] as quickly as possible. 
In the language of the protection engineer, 
these fundamental requirements are: 


1. Guard against insulation breakdown or 
flashover by adequate surge protection. 


2. Prevent high transient voltages or 
severe burning as a result of insulation fail- 
ure by proper neutral grounding. 


3. Clear faults rapidly by fast and well- 
co-ordinated relaying. 
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It is intended that this paper deal 
mainly with the first two requirements. 


Protection Against Insulation 
Breakdown 


The insulation of a circuit or piece of 
apparatus will withstand safely the nor- 
mal operating voltage for which it is 
intended unless it has become defective 
as a result of moisture, overheating, or 
mechanical damage. Trouble from these 
causes can be minimized by proper main- 
tenance, careful handling, and periodic 
maintenance. However, it is not prac- 
tical to build enough insulation into dis- 
tribution circuits or apparatus windings 
to withstand surge voltages to which they 
may be subjected. Protection against 
these surges, therefore, must be provided 
commensurate with the severity of surges 
to be expected and the type of insulation 
involved. 

Industrial plants that receive their 
power from distant soutces usually are 
supplied over one or more high voltage 
circuits, 33 kv or higher, into transformers 
that step down the voltage to 13.8 kv or 
less for distribution in the plant. If the 
source is close by or within the plant, 
power generally is supplied directly at 
distribution voltage. The circuits may 
be underground, overhead, or a combina- 
tion of the two. If they are entirely 
underground they are free from lightning 
and require no surge protection. If over- 
head and exposed, they are subject to 
lightning surges that may flash them over, 
break down the insulation of apparatus 
connected to them, or both. Where 
combination overhead and underground 
is used, it is possible for dangerous surge 
voltages to build up at the junction points 
between the overhead and underground 
circuits. Surge voltages also may pass on 
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clude protection agains 
over and breakdown of apparatus in: 


tion. al aall 


LINE FLASHOVER 


Overhead lines can be insulated 
shielded to be practically free from lig 
ning flashover.!_ While this commonly 
done with high voltage circuits, 69 kv an 
above, where the insulation and clear r- 
ances are inherently high, it usually ig 
not considered practical for the lower 
voltages because of the extra insulation 
and conductor spacings required. There 
are exceptions, however, where shielding 
of low voltage lines can be justified to 
provide protection to important appara- 
tus connected to the line. Such circuits 
often are shielded partially by near-by 
buildings, trees, and so forth. 

Low voltage lines, 13.8 kv and below! 
may flashover from induced surges as 
well as direct strokes. If wood construc- 
tion is used as it generally is, some of these 
flashovers do not result in trip-outs, al- 
though many do. 

It is quite common practice to minimize 
the disturbance caused by trip-outs by 


LOAD 
POWER 
= CABLE of 
(A) 
7 4 OVERHEAD ee 
zt (8) z 
SHIELD WIRE 
& 2. > i on + 
(c) 
vee OVERHEAD CABLE 
ty 
a: a 
(0) 
Figure 1. Surge protection of distribution 
circuits 


A—A\l cable, no protection required 

B—Overhead, terminal protection only 

C—Overhead, lightningproof protection by 

either shield wire or spaced lightning arresters 

D—Combination overhead, underground. 

Arresters not required at load end if cable 
length is less than 100 feet 
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apid reclosing of the feeder breaker, 
In some cases, where trip-outs are ex- 


ning arresters along the line at 500- to 
1,000-foot intervals. 

_ Lightning arresters should be provided 
at junctions between overhead and under- 
ground circuits to protect against high 
voltages at those points caused by re- 
flected traveling waves. The arresters 
should be connected directly between the 
_ conductors and the cable sheath, and 
grounded. If the cable is over 100 feet in 
_ length, arresters also should be provided 
at the far end, particularly if the cable 
4 feeds into an exposed line or has important 
a apparatus with low surge strength, such 
_ as rotating machines, connected to it. 

_ The recommended methods of protect- 
a ing the different types of distribution 
circuits that might be involved in an 
_ industrial plant are shown schematically 
(in Figure 1. 


. 
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_ APPARATUS PROTECTION 


There are two general classes of electric 
4 apparatus that must be considered in the 
over-all scheme of protecting an industrial 
_ plant. One of these includes that equip- 
ment, such as oil-insulated transformers, 
that has surge strengths equivalent to 
basic insulation levels that have been es- 
tablished for the different voltage classi- 
- fications.? This class of equipment can 
be protected adequately by standard 
lightning arresters of the proper voltage 
rating connected between the exposed 
line leads and ground. The arresters 
should be located as close as possible to 
the apparatus frame or tank as shown in 
Figure 2. 
The second class includes apparatus 
such as air-cooled transformers and rotat- 
ing machines that have impulse levels 


6122-2 


OVERHEAD 


OVERHEAD 


STANDARD ARRESTERS 


Figure 2. Surge protection of apparatus meet- 
ing basic insulation levels 


lower than the basic insulation levels. A 
comparison of the impulse levels of oil- 
insulated and air-cooled transformers from 
1.2 kv to 15 kv classification is given in 
Table I, The surge strength of rotating 
machines are normally somewhat less than 
the values shown for air-cooled transfor- 
mers. Because of its lower impulse level, 
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tremely undesirable, line flashovers can _ 
be prevented by spacing line-type light- 


ground resistance. 


Comparison of Impulse Insulation 
Levels — 
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Table I. 


Impulse Levels é 
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this second class of apparatus requires 
special protection, particularly when con- 
nected directly to overhead lines that 
are exposed to lightning surges. 
Air-cooled transformers that are sub- 
ject to surge voltages should be protected 
by special arresters, similar to those used 
for rotating machine protection, at the 
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Figure 3. Surge protection of dry-type trans- 
formers 


transformer terminals,* (Figure 3). If 
the transformer is connected directly to 
an overhead line, a set of standard ar- 
resters, either valve or tube type, also 
should be connected about 500 feet ahead 
of the transformer. Tube-type arresters 
are influenced somewhat less by arrester 
Liquid-filled trans- 
formers should be used’in preference to 
air-cooled transformers where the circuit 
is exposed highly to severe surges. 
Recommended methods of protecting 
rotating machines are given in a paper by 
by McCann, Beck, and Finzi.’ The es- 
sential requirements are to limit the mag- 
nitude of surge voltage at the machine 
terminals to protect the insulation to 
ground, and to slope the front of the surge 
wave so that it will not pile up across a 
few turns of the machine winding and 
overstress the turn-to-turn insulation. 
The first of these requirements is ac- 
complished by special lightning arresters 
having low sparkover characteristics, and 
the second by shunt capacitors and series 
inductance. These fundamental com- 
ponents of the protective scheme are il- 
lustrated in Figure 4A. Actually, the 
series inductance may be a section of the 
incoming line, 500 feet in length, imme- 
diately ahead of the machine (see Figure 
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4B). A standard line-type arrester is re- 
quired ahead of the series inductance to 
limit the magnitude of surge voltage that 
can pass in to the inductance and shunt 
capacitor combination. This arrester 
preferably should be a tube type if the 
ground resistance is more than two or 
three ohms, because the discharge voltage 
across the tube collapses to near zero for a 
half cycle, thus resulting in only a small 
amount of surge energy being transmitted 
into the protective devices at the machine 
terminals. Where the line is exposed to 
severe surges, or where the arrester 
ground resistance is higher than about 
five ohms, one or more additional sets of 
arresters should be placed out on the line 
at about 500-foot spacings. The first 500- 
foot line section ahead of the machine 
should be shielded (see Figure 4C) if there 
is danger of a direct stroke of lightning in 
that section. 

The special arresters at the machine 
terminals should be valve type because 
of its lower sparkover voltage. The best 
protection is provided by station-type 
arresters which are recommended where 
the kilovolt-ampere rating of the machine 
or machines protected exceeds 1,000. The 
special line type generally is considered 
adequate for smaller sized machines. 

Where several rotating machines are 
connected to a common bus, adequate 
protection can be provided by means of 
a single set of special arresters and capaci- 
tors connected to the bus, if each machine 
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Figure 4. Surge protection of rotating ma- 
chines 


A.—Fundamental scheme 

B.—Equivalent scheme 

C.—Protection against severe surges including 
line shielding and spaced lightning arresters 
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so sy Sait: capacitance, nlo capacitors are 


"necessary, 
ss In. some industrial planta there may be 


motors, tapped off a common overhead 
circuit at intervals along the line. For 
the best protection to all the motors the 


strokes and special rotating machine 
protection provided at each motor. If 
shielding is not feasible, each motor should 


“ be provided with a series choke coil, | 


: special valve-type arresters and wave 
: sloping capacitors at the motor terminals, 
+ and a standard line-type arrester ahead 
y faa? of the choke coil. 
: Rotating machines connected to the 
secondary windings of transformers whose 
primary windings are connected to over- 
head lines may not need rotating machine 
protection if the primary winding of the 
transformer is protected adequately. 
However, if large or important machines 
are involved, and are located close to the 
transformer, the risk of failure from 
surges passing through the transformer 
justifies the provision of special arresters 
and wave sloping capacitors at the ma- 
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Figure 5. Approximate maximum sizes of 

transformer bank that can be grounded solidly 

without exceeding 2,500 amperes ground 
fault current 


chine terminals. Reference 5 includes a 
method of analyzing the need for such 
protection. 


Protection Against Fault Damage 


Even with good maintenance and surge 
protection there will be occasional faults, 
most of which will start as short circuits 
between one phase and ground. Such a 
fault may result in considerable damage 
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bus (see Table II) to provide the required | 
ee i? _ individual motor loads, such as pump ! ’ 


line should be shielded against direct 
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NEUTRAL POINT AVAILABLE 

If the neutral of the source of power to 
the distribution system, either generator 
or transformer bank, is grounded solidly, 


there will be no transient voltages of 


dangerous magnitude produced by a 
phase-to-ground fault. However, the 
ground current will be high, particularly 
if the grounded neutral machine is a 
steam-turbine-type generator supplying 
power directly to the distribution system. 
It will produce a noticeable dip in voltage 
and result in severe burning at the fault, 
unless the fault is cleared rapidly. It 
also may distort the windings of the 
grounded neutral generator which nor- 
mally is designed to withstand short- 
circuit current no greater in magnitude 
than that resulting from a 3-phase short- 
circuit. The line-to-ground short-circuit 
current from a solidly grounded neutral 
generator usually will be greater than 
the 3-phase value. 

If the source of distribution power is a 


transformer bank supplied from a high. 


voltage line, grounding the neutral 
solidly will prevent dangerously high 
transient voltages resulting from ground 
faults. The magnitude of ground fault 
current will depend on the distribution 
voltage and the size of the bank. It will 
not cause excessive are burning with 
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Figure 6. Low resistance neutral grounding 
A—Generator neutral resistor 


B—Grounding transformer with neutral resistor 
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relaying i is ub tae 
If the neutral of the supply se at 
left Sancig there will Pe 


through a circuit capac Fos grout 
The extinction and restriking of 
charging current may cause tra 
voltages between the unfaulted pha 
and ground high enough to destroy pro 
tective devices or to break down equip 
ment insulation, thus causing one or bo 
of the other phases to become grounded 
A compromise between the high ground 
current and no transient voltages on the 
one hand and the high transient voltages 
and no ground current on the other hand 
is usually the best practical solution. 


NEUTRAL IMPEDANCE 


4 


The magnitude of ground fault current 
can be reduced by inserting impedance in 
the neutral ground circuit. However, 
care must be exercised in fixing the make- 
up of this impedance. If it is resistance 
only, there is a wide range in the value of 
resistance that may be used to eliminate 
the high transient voltages. It may be 
classed as either “‘low”’ or “‘high’’ resist- 
ance grounding (Figure 6) depending on 
the resultant magnitude of ground fault 
current. The lower limit of ground fault 
current for “‘low resistance” grounding is 
the minimum value that will assure de- 
pendable relaying with ground relays, 
about rated full load current with mini- 
mum generating capacity. The upper 
limit is dictated by the amount of energy 
that can be dissipated in the resistor dur- 
ing fault, both from the standpoint of 
practical resistor size and shock to the 
supply generators. A reasonable value to 
use for the upper limit is 150 per cent of 
the rated load current of the minimum 
generating capacity, or 2,500 amperes, 
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Figure 7. Approximate maximum values of 

ground fault current with neutral resistor 
grounding 


! 
whichever is the smaller. It usually will 
_be desirable to approach this upper limit 
to assure prompt operation of ground re- 
lays under maximum fault resistance con- 
‘ditions. The curves of Figure 7 show val- 
‘ues of ground fault current limited to 150 
per cent of rated full load current for the 
voltages commonly used in industrial 
plant distribution systems. The mini- 
mum value of neutral resistance in ohms 
that should be used is equal to the line-to- 
neutral voltage divided by the value of 
fault current given by the curves. 

From the standpoint of limiting the 
transient voltages, it is only necessary to 
use a neutral resistor of low enough re- 
sistance to dissipate energy equal in kilo- 
watts to the charging kilovolt-amperes 
supplied the system at the time of a 
ground fault. This depends upon the 
maximum amount of circuit, particularly 
cable circuit, and the number and size 
of machines connected at any one time. 
With this value of neutral resistance, 
classed as “‘high”’ resistance, the current 
in the fault would be only about 50 
per cent more than the charging current 
which would be but a few amperes at the 
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most. 
could be left in service without ieihess 


The faulted circuit, therefore, 


from transient voltages or arc burning 
until convenient to remove it. 
tice, an alarm actuated from a voltage 
relay connected to measure voltage be- 
tween neutral and ground would be used 
to indicate when a grounded conductor 
existed. The circuit relaying, initially 
set up on the basis of ungrounded neu- 
tral service, would not be affected. 

The effect of such a high resistance, 
neutral ground (Figure 8), can be pro- 
vided more practically for 2,300 volts 


and higher by using a standard distribu- 


tion transformer with a low voltage re- 
sistor connected across its secondary 
winding. The primary winding should 
have a voltage rating equal to the circuit 
voltage. It should be connected between 
the generator neutral and ground. The 
secondary winding may be 120, 240, or 480 
volts, depending on the rating of the most 
applicable resistor which should be chosen 
to dissipate power during a line-to-ground 
fault equal in kilowatts to at least the 
maximum charging kilovolt-amperes 
drawn by the system during a ground 
fault. A voltage relay generally is con- 
nected across the resistor to serve as a 
fault detector. 

When resistance grounding is used, the 
system neutral becomes displaced almost 
fully during a ground fault. This re- 
quires that lightning arresters connected 
to the system have a voltage rating not 
less than line-to-line voltage as is neces- 
sary with ungrounded neutral operation. 

If the neutral impedance is reactance 
(Figure 9) there is a limit to how far the 
ground fault current can be reduced with- 
out causing high transient voltages. To 
be safe, this minimum value should not 
be less than about 50 per cent of the mag- 
nitude of the 3-phase fault current. The 
curves in Figure 10 show the minimum 
safe ground fault currents with reactance 
grounding for the different distribution 
voltages. 

A combination reactor and resistor in 
parallel will permit high transient volt- 
ages unless the resistance is low com- 


BUS 
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Figure 8. High resistance 
neutral grounding 


A—Generator neutral resis- 
tor 
B—Distribution transformer 
in generator neutral with sec- 
ondary resistor 
a C—Bank of — distribution 
transformers with secondary 
(Cc) resistor 
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Figure 9. Reactance grounding 


A—Generator neutral reactor 
B—Transformer with or without neutral reactor 


pared to the reactance. Therefore, the 
two in parallel offer very little, if any, 
advantage over a resistor only. 

Any neutral ground scheme that per- 
mits enough ground fault current to 
cause arc damage requires ground relays. 
If the neutral is grounded solidly, the 
ground fault current would in most cases 
be high enough to operate phase relays. 
However, there may be occasional high 
resistance ground faults that would not 
draw enough current to operate phase 
relays in which case considerable damage 
from burning might result if ground relays 
were not provided. 


NEUTRAL Point Not AVAILABLE 


Many industrial plant distribution 
systems do not have a neutral point avail- 
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Figure 10. Approximate minimum values of 
ground fault current with reactance grounding 


able for grounding, particularly those that 
operate at 2,300 or 6,900 volts, delta. 
As previously pointed out, such systems 
are conducive to high transient voltages 
during ground faults. Experience has 
shown that a failure of a machine winding 
or cable circuit to ground often results in 
the simultaneous failure of other machines 
or cables. The remedy is to supply one or 
more supplementary neutral grounds to 
assure that all feeder sources are grounded 
adequately at all times. 
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ings should be connected to the di: tribu- 


_ tion bus with neutral grounded. ‘The re - 


f - sistor should be connected inside the delta 
of the low voltage winding. The resist- 
ance should be chosen to dissipate energy 
equal in kilowatts to at least the charging 
kilovolt-amperes of the system during a 
ground fault. This scheme of grounding 
is similar to the distribution transformer— 


secondary resistance scheme described 


previously, in that it serves only to limit 
the transient voltages and to indicate a 
ground fault. The fault current is too 
low to cause arc burning so that ground 
relays are not necessary. 

The other method of providing a sup- 
plemental neutral ground is to use a 
grounding transformer, either zig-zag or 
star delta connected with the neutral 
grounded. If grounded solidly it is 
classified as reactance grounding and car- 


ries the same limitation as described pre- 


viously, that is, that the ground current 
should not be less than about 50 per cent 
of the 3-phase fault current. If grounded 
through a resistor (Figure 6B) the ground 
current can be reduced to the minimum 
permissible for satisfactory ground re- 
laying. If a “low resistance’ neutral 
resistor is used, the reactance of the 
grounding transformer should be such 
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scheme best suited t 


eee cen durin gro 
ue 
dustrial plant depen Is on a nu 
factors, such as the ‘surge prot 1 
quired, the magnitude of the power source, 


whether a neutral point is available or not, 1. 7 


the number and complexity of circuits — 
involved, and the type of relaying that is 
or can be provided. From the standpoint | 
of surge protection, either solid neutral 
or reactance grounding that limits the 
ground fault current to not less than 60 
per cent of the 3-phase fault current is 
preferable, because either one makes it 
possible to apply reduced rating (80 per 


cent) arresters. If the insulation is ques- 


tionable, this may be the deciding factor. 
However, either of these types of ground- 
ing produces high ground fault currents 
if the distribution system is supplied at 
generator voltage and the generating 
capacity is large. When those conditions 
exist, resistance grounding generally will 
be suited better. The distribution trans- 
former-secondary resistor scheme often 
works out advantageously where the dis- 
tribution system is not too complex and 
where it is not feasible to add ground re- 
lays. 
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Synopsis: The main results of a study of 
the various phenomena which take place 
during the interruption of currents in high 
vacuum are given. The experimental re- 
sults obtained lead to a theory of the basic 

mechanism affecting switching in high 
vacuum. With a proper design of the 
switch, a constant working pressure can be 
obtained which represents an equilibrium 
Between gases and vapors evolving from 
_ the electrodes and a pumping action based 
on the sputtering of cathode material. A 
detailed study is made of the factors de- 
termining the loss of electrode material 
because of switching. The most essential 
design features of a vacuum switch are 
discussed briefly. 


| WITCHING is one of the most fre- 
é quently performed operations in 
electrical circuits. Even though switch- 
ing plays a very important role, the 
equipment performing this operation, the 
switches and circuit breakers, have by 
no means reached the last degree of per- 
fection. 
No satisfactory d-c breaker has been 
developed yet for the interruption of 
medium or heavy loads at high voltage. 
The interruption of alternating current 
is made much easier by the periodical 
occurrence of the current zero which 
represents a natural means of deioniza- 
tion. The difficulty here lies in the fact 
that severe requirements are made with 
respect to the time of interruption. 
System stability studies indicate that 
faults on transmission lines, particularly 
of large interconnected systems, should 
be cleared in a minimum of time. This 
is the main reason why the increase in 
load of the past 15 years gradually has 
‘placed stronger requirements on the open- 
ing time of breakers. Whereas in 1930 
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a 10- to 15-cycle breaker was found to 
be satisfactory, today the tendency is 
to clean faults in three cycles. It is 
to be expected that in the near future 
still more severe specifications will have 
to be made on the interruption time. 

In some cases no restrikes after the 
first current zero are permissible, as for 
example in the interruption of charging 
current. Restrikes would result in high 
overvoltages, exceeding. the normal line 
voltage several times.1 This is par- 
ticularly dangerous on power lines where 
sections of cable are incorporated. 

With the present designs of circuit 
breakers, it is very difficult to meet re- 
quirements of the type mentioned above. 
The main difficulty encountered by the 
present methods of arc extinction lies in 
the small dielectric strength of the in- 
terrupting medium. The rate of recovery 
of dielectric strength is small, even when 
large opening speeds are used. 

It was recognized early that the use of 
high vacuum as an interrupting medium 
is expected to have two features which 
are of great importance for the rapid 
interruption of currents: 


1. The dielectric strength of high 
vacuum’,*,5 is greater by far than that of 
any other interrupting medium in use. 


2. Once an arc has been formed in a high 
vacuum, a fast radial diffusion of the current 
catrying particles takes place and provides 
a most ideal means of deionization. 


A great deal of research and develop- 
ment has been done on vacuum switches. 
In 1921 the first small vacuum switch 
was built commercially by the Swedish 


\ 


Birka Company.* From 1923 to 1926, 
Sorensen and Mendenhall’ performed 
extensive tests with larger vacuum 
switches at the California Institute of 
Technology. Around 1932 interesting 
investigations were carried out by Seitz® 
and Jubitz® in Germany. 

As a result of these efforts, excellent 
small current capacity vacuum switches 
are commercially available and are find- 
ing a steadily increasing field of applica- 
tion. ae 
Today, however, the vacuum switch 
is not able to compete in power circuits. 
No explanation for this fact can be found 
in the literature. There is also no theory | 
given explaining the various processes 
affecting the interruption in high vacuum. 

The aim of the investigation described 
in this paper was to clarify some of the 
important and basic points involved in 
this problem. 


Experimental Setup 


The investigation was carried out 
entirely on direct current. The inter- 
ruption of alternating current only would 
have complicated the analysis greatly 
without giving any new information about 
the basic mechanism of the interruption. 

The two switches shown in Figures 1 
and 2 were built for this study. The 
switch of Figure 1 is completely glass- 
sealed, allowing studies to be made at 
very low pressures of 107° millimeter 
of mercury or less. This switch is 
actuated magnetically by means of a 
nickel plunger and a trip coil. The 
second switch, shown in Figure 2, was 
developed after it had been established 
that pressures below 107‘ millimeters of 
mercury were not required for a successful 
operation. Two main improvements 
were incorporated in this switch. First, 
it provides a simple and quick way of 
opening and resealing. Picein was used 
as a sealing wax around the steel base 
and the ground bottom of the glass jar. 


Figure 1. Glass-sealed vacuum switch, 
magnetically operated 
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_ The switch is actuated an out Ane 
mechanism shown in Figure 3. The 
motion is transmitted to the switch by 


ny 


ate means of a metal bellows located at the 
Book... toprol the, switch. : 

an; The disk D of Figure 3 is rotated 
oe synchronous speed. The opening spring 
ies _ Sp is expanded by means of a pin A 


mounted eccentrically on the disk B. 
_.___ Ashort time before the maximum stretch- 
et tt ing of the spring is reached, the cam 

switch SW closes and energizes the coil 
as “and the magnet M. This locks the 

ss tripping toggle T by means of the latch 
* L. The tripping coil TC releases the 
es - tripping toggle. This results in a rapid 
A opening of the switch. The trip coil 
can be energized by closing the switch S 
or through the cam switch CS. This 
cam switch permits the automatic opera- 


brabeu 


Figure 2. Demount- 
able externally oper- 
ated vacuum switch 
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the Penning?? type. 
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at evacuation mf te 


of ‘the evacuation deat ped 
keep the two liquid air ae : 
ice formation. — A 
‘The pressure in the vessel was ees 
with a cold cathode ionization gauge I cae 


G was used for checking purposes only. 

The speed of separation of the elec- 
trodes of the spring operated switch was 
measured with a mechanical speedograph. 

Another method had to be devised for 
the measurement of the opening speed 
of the magnetically operated switch. 
There the force available from the mag- 
netic plunger was too small for the use 
of a speedograph. An optical method 
illustrated in Figure 5 was used instead. 

A narrow vertical beam of light is 
obtained by means of the condenser lens 
L, and the slit S. In the closed position 
of the switch, this parallel beam of light 
is obstructed completely by the elec- 
trodes. 
of light which is proportional to the width 
of the gap reaches the lens L, and is 
focussed on the phototube. The result- 
ing phototube current then is amplified 
in order to give a satisfactory deflection 
on the screen of a cathode ray oscillo- 
graph. 


10 VOLTS 
D-C 


Figure 3. 
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During the separation, a beam 


rapidly. Tis tensity 
in current density, lea adi ing 
melting and evaporation of the 
material. A vapor arc thus i 
which rapidly blows itself out be 
the rapid radial gaseous diffusion 
in the evacuated space. The loss « 
rent carriers because of this radial 
sion is large enough to disrupt quick 
the self-sustaining discharge. _ 
The average velocity of diffusior mn i 
given by" C = V4kT/m, where k = 
Boltzmann constant, T = absolute 1 teat 
perature, and m = mass of a gas molecule. 
At a temperature of a few thousanc 
degrees Kelvin, the diffusion velocity is 
of the order of 105 centimeters per secon 
which is about 1,000 times greater than 
the speed of separation of the electrodes. 
As soon as this first are is blown out, 
a recovery voltage builds up across the 
gap, which is by now only about 10~ 


Opening mechanism of externally 
operated switch 
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centimeters wide. Under this condition 
a relatively small recovery voltage 
creates a field strength of sufficient 
magnitude to break down the gap in 
the form of a special kind of spark arc 
mechanism to be discussed later. The 
initiating spark preferably will take place 
along a path where a small density of gas 
and vapors is left, that is, about one 
millimeter away from the former point 
of contact, owing to the diffusion in the 
microsecond of the first arc. The arc 
following the initiating spark is blown 
out again, and another recovery voltage 
E, leading to a new breakdown builds 
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method for measur- 
ing the speed, of 


Figure 5. 


separation of the 
electrodes 


Figure 6. Voltage 
oscillograms with 


up across the gap. Recovery voltages 
E, of this type are well resolved in the 
oscillograms of Figure 6. It can be seen 
that the mechanism consists of a series 


Figure 7. Schematic 
representation of the 
spreading of the dis- 
charge on a cathode 
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of arc bursts of microsecond duration, 
interspersed with periods of extinction 
of even shorter duration. It is significant 
that the random character of this process 
is found by experiment not to be affected 
by the circuit constants. 

For the case of a plate-cathode and a 
spherical anode, fast movie films show — 
that the spark-are mechanism moves 
away from the center of contact along a 
single radial line. This situation is 
represented schematically in Figure 7. 
It can be seen that the radial diffusion 
of the gas and vapors originated during 
each single arcing episode A;, As, A3... 
creates ring-shaped zones of greatest gas 
vapor and ion density. The successive 
breakdowns B,, B2, B;...following the 
recovery voltages E,, E2, E;...take place 
in the regions where the ring-shaped 


one megacycle tim- 1=25 AMP 


ing wave—copper 
electrodes 


zones overlap, that is, along a single 
radial line, 

In the case of large currents, spark-are 
mechanisms will occur along many sepa- 
rateradial lines. Theseparate arcs occur- 
ring simultaneously at a given time all will 
be located on a concentric circle around 
the former point of contact. This form 
of discharge along an arc of a circle is 
found to take place for currents exceed- 
ing about 30 amperes. 

The interruption is completed when 
such a series of arcing episodes ceases. 
This happens once the path along the 
greatest gas density is too long, that is, 
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when its dielectric strength prevents a 
further breakdown. At the end of such 
a series of arcing episodes, the electrodes 


are still close together. If the circuit 
conditions create a high recovery voltage, 
the gap will break down near the center 
by field emission. This usually starts 
another succession of radial spark-arcs. 
Fast movie films were able to give evi- 
dence of repeated breakdowns near the 
center of the gap. The field strengths 
corresponding to such breakdowns exceed 
10§ volts per centimeter. It is therefore 
clear that this type of breakdown is ini- 
tiated by field emission.}* 

Figure 8 shows a typical voltage 
oscillogram where a high recovery voltage 
occurred at point A, 3 X 107° second 
after the start of the interruption at point 
B. The total time of interruption (B 
to C) amounted to 3.2 X 1074 second. 
The recovery voltage at point A was 552 
volts, corresponding to a field strength 
of 2.76 X 10® volts per centimeter. The 
succeeding large recovery voltage which 
is clearly resolved occurred at point C 
and amounts to 1,380 volts, giving a 
field strength of 1.26 X 108 volts per 
centimeter. Large recovery voltages are 
always present at the end of the inter- 
ruption of an inductive d-c circuit. The 
resulting field strengths are, however, 
no longer able to restrike. Figure 9 
shows an interesting case where a field 
emission breakdown occurred at point A 
which was not able to reignite a new series 
of arcing episodes. 

The fact that the mechanism of inter- 
ruption is affected by field emission ex- 
plains the observed great variations of 
the time of interruption. The determi- 
nation of the statistical average time of 
interruption requires, therefore, the data 
of a large number of interruptions. 

The study of electrode surfaces with 
the microscope revealed another interest- 
ing phase of the mechanism of interrup- 
tion. Figure 10 shows the many micro- 
scopic craters of about 10% centimeter 
diameter which have been created on a 
tungsten cathode. The cathode also 
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Figure 8. Voltage 
oscillogram—molyb- 
denum electrodes 


7 ay 


Figure 9. Voltage oscillogram—molybdenum electrodes 


shows cracking and peeling of the surface 
which was caused by the heat resulting 
from the intense positive ion bombard- 
ment. The anode shows many fused 
spots; the rest of the surface is covered 
with sputtered material from the cathode. 
Carbon electrodes show even more dis- 
tinctly the difference between cathode 
and anode surfaces. Figure 11 shows 
how the cathode surface is broken up to 
a great depth by the combined action of 
the positive ion bombardment and the 
explosive action of the suddenly liberated 
gas. 

The anode has a smooth surface covered 
with sputtered carbon from the cathode. 
The microscopic craters observed on all 
cathodes reveal the presence of a focusing 
action. The conditions present during 
the periods of recovery voltage E,, Es, 
E;... (see Figure 7) as well as during 
cold emission restrikes are leading to the 
conclusion that a magnetic self-focusing 
action of the Bennett!’ type takes place. 
This magnetic self-focusing concentrates 
the positive ion bombardment on small 
areas on the cathode, resulting in local 
fusion and evaporation. This creates 
microscopic craters of the type indicated 
by arrows in Figure 10. The self-focus- 
ing action lasts only about one micro- 
second, After this interval of time, the 
conducting streams are no longer self- 
focusing because the density of matter 
near the cathode leads to frequent col- 
lisions between current carriers and 
The conditions for self- 
focusing hold, however, only as long as 
the energy loss caused by such collisions 
is negligible. 


neutral atoms. 


As soon as the focusing 
action ceases, a transient are of short 
duration is established. This are is 
quickly deionized by the fast radial 
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gaseous diffusion. This then is followec 
again by a series of arcing episodes as 
described earlier. 


Variations of Pressure Produced 
by Switching 


Contrary to previous statements, it 
has been found that the vacuum switch 
normally operates at a vessel-pressure 
of 10-4 millimeter of mercury or less. 
provided that the electrodes are wel. 
outgassed. 

Throughout this investigation, stock- 
material was used for the electrodes 
The outgassing or conditioning of suck 
electrodes was achieved in interrupting 
frequently with gradually increasing 
currents. The heat created by radiatior 
and particularly by the positive ior 
bombardment of the cathode was suffi 
cient to free the electrodes from adsorbec 
gases. A satisfactory conditioning o: 
the electrodes required about 10( 
operations. All interruptions have tc 
be started at a vacuum in the vessel 0: 
10-4 millimeter of mercury or better 
The use of vacuum-melted material 
of course, would shorten considerably 
the time required for the conditioning. 

Once the electrodes are conditione 
properly, it was found to be of no ad 
vantage to operate the switch at pressure 
below 10~4 millimeter of mercury. Highe 
pressures result in a considerably longe 
time of interruption, as will be show1 
later. 

An important property of the vacuun 
switch is the fact that the pressure i1 
the vessel does not necessarily increas 
as a result of switching. With the vesse 
disconnected from the pumping system, : 
definite constant working pressure estab 
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f in the vessel as a result of 
switching. In the course of 
iments, the vacuum switches 
sre disconnected from the pump 
for hours, performing thousands of iden- 
ical operations, without resulting in a 
change of the vessel pressure. 
__ The working pressure was found to vary 
ith the vessel diameter, the current, 
d the electrode material. The work- 
ing pressure even can become appreciably 
lower than the pressure which is present 
n the vessel before the interruptions of 
currents. This behavior indicates that 
a strong pumping action is initiated by 
- e interruption of currents. The ob- 
served constant working pressure thus 
fepresents an equilibrium between this 
- pumping action and the gases and vapors 


Anode 


‘which necessarily evolve from the elec- 
trodes. Real and virtual leaks, of course, 
also will affect this equilibrium. The 
pumping action is based on two distinct 
processes, both of which result from the 
sputtering of the cathode material. One 
process acts like a diffusion pump, whereas 
the other is based on the getter action 

_which some materials like molybdenum 
display very strongly. The mechanism 
of the diffusion pump like process is as 
follows: The sputtered cathode material 
diffuses at high speed to the walls. Gas 
molecules present between the discharge 
region and the walls then are caught by 
the diffusing metal atoms and are plas- 
tered on the walls. These gas molecules 
are bound firmly to the walls and can be 

freed only when the walls are heated 
above 300 degrees centigrade, as is well 
known from the case of glow discharge 
tubes. Pumping in the manner described 
will occur when the distance from an 
active spot on the cathode to the nearest 
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- section of the wall is of the order of the - 
mean free path of the gas in that region. 
This mean free path is a measure for the 


collision probability between the gas 
molecules and the sputtered particles. 
Under the conditions of the experiment, 
it always was found that the mean free 
path corresponding to the pressure in 
the vessel (measured with the ionization 
gauge) was several times larger than the 
average distance S of the active spots to 
the wall. This can be explained by the 
fact that as a rule the evaporating metal 
atoms greatly outnumber the gas mole- 
cules in the volume exposed to the blast 
of sputtered material. For example, 
during an interruption of 25 amperes 
with copper electrodes, the evaporated 
copper atoms outnumbered the gas mole- 


Cathode 
Figure 10 (above). Molybdenum electrodes (X 90) 


cules by a factor of fifty. The fact that 
the mean free path is larger than the 
distance S means that only a fraction of 
the metal atoms succeed in plastering 
gas molecules to the walls. The actually 
resulting reduction of gas molecules, 
partially balanced by the evolution of 
gases from the electrodes, thus will main- 
tain a lower gauge pressure than that 
corresponding to a mean free path equal 
to the distance S. 

It was found that the working pressure 
p, as measured by the gauge, varies 
inversely with the baffle or vessel diameter 
d, as pi/ po=de/ dy. 

This relation holds well for materials 
like copper and aluminum which do not 
display a strong getter action. Thus 
the judicious use of baffles may be of 
value in the switch design. 

The current does not affect greatly 
the working pressure since it equally 
affects two opposing processes: the 
liberation of gas from the electrodes and 
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the amount of sputtered material. The 
electrode material has a similar effect 


on the working pressure in affecting the 


evolution of gas as well as the sputtering. 
Materials which sputter very little 


(molybdenum, tungsten) require larger 
currents in order to display a strong — 


pumping action. 

The getter action also can contribute 
to an appreciable reduction in pressure. 
The fine film of sputtered material which 


collects on the walls is very efficient in 


absorbing gas molecules. Molybdenum 
displays a particularly strong getter 
action which was observed to last with 
diminishing intensity for 30 minutes or 
longer. 

The reduction in pressure resulting 
from the two combined pumping actions. 


Figure 11 (below). Carbon electrodes ( 70) 
Anode 


Cathode 


can be considerable and is in part re- 
sponsible for the fact that a current can 
be interrupted repeatedly in vacuum. 


Factors Determining the Loss of 
Electrode Material 


From the knowledge of the mechanism 
of interruption, it follows that the loss 
of electrode material caused by the inter- 
ruption of currents will depend on the 
mass of material sputtered or evaporated 
at each striking of the arc and on the 
number of individual arcing episodes 
occurring during the time required for 
the interruption of the circuit. The 
mass of material sputtered at each strik- 
ing of the arc is probably proportional 
to the energy dissipated in such an arc. 
The amount of mass sputtered per watt- 
second, however, will depend particularly 
on various physical constants of the 
electrode material and therefore will 
differ a great deal among various ma- 
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cathode. - According to “observations of 
GE eae surface, it is to be expected 
that the anode gains in mass by the 
- sputtering of cathode material onto it. 

Oe Unfortunately, too little is known 
today about the mechanism of sputtering 
sto enable one to make a thorough quan- 
titative analysis of the various factors — 
; influencing the loss of electrode material. 


Two distinctly different types of sputter- 


ing shave been observed in the course of 
the experiments. One is the atomic 
_ sputtering resulting from the evaporation 
of electrode material. The other type 
of sputtering is caused by occluded gases 
in the electrode material. The positive 
ion bombardment produces a fast local 
heating of the cathode surface which 
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ay and in the blasting out of chunks of ma- 
terial from the cathode. There has been 
visible evidence of such incandescent 
tiny chunks streaking from the arc region 
a toward the walls and often rebounding 
from them. Carbon contains great 
amounts of absorbed gases and therefore 
displays with great intensity this second 
type of sputtering. The diffusion pump 


Figure 12. Average cathode loss versus 
average time of interruption of a d-c circuit 


Cathode: 92-inch diameter plate 
Anode: 1-inch diameter sphere 
Opening speed 75 centimeters per second 
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the anode, on the walls of the switch, oe 1 


and is reflected partially to the ios 


‘The loss of anode material which is known — st 


- to occur from electron streams is: over- ; 
compensated largely by the calhosesr 


material collecting on the anode surface. 
The distribution of the sputtered ma- 


terial is determined chiefly by the design 


of the switch and particularly by the size 


and the shape of the electrodes. How- 


ever, it also is affected slightly by the 
current, the recovery voltage, and the 
speed of separation of the electrodes. 


INFLUENCE OF THE GAS PRESSURE 

During this investigation, the pressure 
in the vessel was brought to a definite 
value before each interruption. In- 
significant changes in losses were observed 
in interrupting at pressures ranging from 
10~* to 10-4 millimeter of mercury. 
At pressures above 1074 millimeter of 
mercury, the losses increase rapidly 
because of a lengthening of the time of 
interruption. - 

If the pressure becomes too high, a 
permanent arc was able to maintain itself 
and switching action ceased. The length- 
ening of the time of interruption with 
increasing pressure obviously is caused 
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too great to re the | are. 
localization: pt. the interruption Pp 
results in more continuous 
sodes with a deeper localized h heati 
the area. This yields more gas ev (0 
and evaporation and consequently heavier 
instantaneous arcing-currents result. 


INFLUENCE OF THE VESSEL DIAMETER 
It was found that the loss of cat! hod | 
material was slightly higher for smaller 
vessel- or baffle-diameters. The eff 
is very small and can be explained by the 
increase of the working pressure, resulting 
from the smaller diameter. . 
Figure 13. Average cathode loss versus line 
current I and I? of a d-c circuit 4 
Cathode: 92-inch diameter plate 


Anode: 1-inch diameter sphere j 
Opening speed 75 centimeters per we i 
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The line voltage had no effect on the 
/losses within the range investigated, 
_ that is, from 50 to 500 volts direct cur- 
_ tent. This is also in accordance with the 
- findings of Sorensen and Jubitz. The 
_ line voltage is not of great significance 
in any such phenomena inasmuch as the 
recovery voltage is usually much higher. 
“The recovery voltage is a much more 
significant variable and acts in two ways. 
One of these is to increase the chance of 
testriking and to increase the number 
of arcing episodes, thus lengthening the 
time of interruption. The other is di- 
rectly to affect the sputtering. In the 
operation of glow discharge tubes, it is 
well known that sputtering increases 
materially once one enters the region of 
abnormal cathode fall, where the voltage 
increases with increasing current. 


INFLUENCE OF THE SPEED OF SEPARATION 
OF THE ELECTRODES 


A few simplified considerations have 
to be introduced in order to understand 
the effect which the opening speed has 
on the loss of electrode material. 

The energy equation’ of a circuit hav- 
ing capacity C and inductance J is as 
follows: 


1/2LI?*=1/2CE/+A 


where J=line current, HL,=recovery 
voltage, and A=loss of energy in the 
circuit and in the switch because of heat 
and radiation. The term on the left 
side of the equation represents the 
magnetic energy stored in the system 
at the time of interruption. It is a con- 
stant for a given current. Referring to 
Figure 12, it is seen that except for small 
currents the loss of cathode material is 
directly proportional to the time of 
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interruption T. Therefore the loss of 
energy A in the circuit is also closely 
proportional to T. For a given current 
and a given set of electrodes, a definite 
separation d of the electrodes is necessary 
for the interruption of the circuit. Hence 
d=vT, where v is the speed of separation 
of the electrodes. 

If d would remain constant, then T 
would be inversely proportional to ». 
The experiments, however, have shown 
that the mass-losses of the cathode are 
always less than proportional to T/?. 
The reason for this is that an increase 
in the opening speed v tends to reduce 
A in making T shorter. Since the right 
hand side of the above equation is con- 
stant, it follows that the recovery voltage 
E, has to increase. This actually has 
been observed. A greater separation d, 
of the electrodes therefore is required for 
the interruption of the circuit. 

Since d is not a constant, it follows 
that an increase in velocity will always 
result in a decrease in mass loss which is 
less than proportional to 1/v. 


INFLUENCE OF LINE CURRENT AND 
ELECTRODE MATERIAL 


Figure 13 shows the average cathode 
material loss for various electrodes and 
different values of current flowing in the 
line prior to interruption. 

In the same figure the broken-line 
curves show the relationship between 
cathode losses and J*. This is a measure 
of the magnetic energy 1/2L/* stored in 
the circuit before the time of interruption. 
Figure 14 shows the relation between 
the average time of interruption T and 
I as well as I*. 

The electrodes used for all the data 
given in Figures 12, 13, and 14 consisted 
of a 2-inch-diameter plate cathode and 
of a l-inch-diameter spherical anode. 
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Figure 14. Average 


Cathode: @-inch di-. 


£ , . . ° “ . 


‘ay ri ae % 


The opening speed was in each case 75 
centimeters per second. Referring to 
Figure 13, it is seen that the refractory 
metals give the smallest losses in the 
high current region. At lesser currents 
the different metals behave in a different 
fashion, the more refractory metals indi- 
cating a greater slope and the low melting 
point metals a smaller slope. It appears 
that two mechanisms may be at work 
in different current ranges. 
ence in losses between the higher and 
lower melting point metals indicate why 
good conducting metals like silver and 
copper often are used in low current ca- 
pacity vacuum switches. 

The line current has a two-fold effect on 
the losses. Considering the energy equa- 
tion of the circuit, it follows that the 
current determines essentially the sum of 
1/2CE?+A. It affects the recovery 
voltage E, as well as the energy loss A. 
The latter term is particularly affected 
by the amount of evolved gases and va- 
pors, which depend on the current magni- 
tude and which greatly affect the time of 
interruption. It is obvious that well 
outgassed electrode materials, giving off 
only small amounts of gas, will result 
in small losses. It therefore is expected 
that vacuum-melted materials would 
give considerably smaller losses than can 
be expected from Figure 12 and Figure 
13: . 

The surface conditioning as used 
throughout the present investigation is 
not sufficient for currents exceeding 150 
to 200 amperes where craters are dug to 
a depth which is beyond the region out- 
gassed by previous conditioning. This 
results in excessive gas formation, which 
would be dangerous, particularly for the 
case of sealed-off switches. 


Essential Design Features 


The mechanism of interruption, the 
behavior of the pressure, and the charac- 
ter of the losses of electrode material 
indicate that improvements can be made 
in the design of vacuum switches for 
moderate- and high-interruption duties. 

The fact that a very high vacuum is 
not essential for the proper operation 
makes a practical design of a vacuum 
switch possible. 

The vacuum vessel can be made of 
glass or metal, preferably stainless steel. 
The seals can be of the enamel type; 
welded, brazed, or soft soldered joints 
are also satisfactory. Glass-to-metal 
joints have to be ground and can be made 
yacuum-tight by means of a low-vapor- 
pressure wax, like picein. Greases should 
be avoided because they dissociate easily 
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under the intense radiation of the dis- 
charge. 

The switch requires, for conditioning, 
a relatively low capacity diffusion pump 
backed by a medium-sized fore pump. 
The cooling of the traps can be achieved 
satisfactorily by means of a mixture of 
dry ice and alcohol. 

It is expected that the judicious choice 
of seals and materials will make a per- 
manently sealed-off vacuum switch pos- 
sible. In this case it will be of eveh 
greater importance to use the correct 
vessel or baffle diameter by means of 
which full use of the pumping action can 
be made. Metal or glass baffles are 
also useful in shielding the insulating 
parts of the switch from sputtered ma- 
terial. A thorough outbaking will be 
required for a sealed-off switch. 

The vacuum switch is ideally suited 
for the interruption of high voltage cir- 
cuits. It is necessary, however, to re- 
duce the evolution of gases and vapors 
as much as possible. Therefore, it is 
necessary to limit the current per contact 
and to choose electrode materials with 
small gas and vapor evolution. For 
larger currents, refractory metals are 
best suited. 

The electrodes have to be conditioned 
in order to reduce the gas evolution. The 
conditioning by positive ion bombard- 
ment, as described earlier, limits the 
current to from 100 to 200 amperes per 
single contact. For larger currents, 
vacuum processed metals have to be 
used, 

Exposure to air during the insertion 
(of new contacts, for instance) tends to 
contaminate the surface of such materials 
and therefore indicates the necessity of 
a short conditioning procedure preceding 
the operation of the switch after each 
shutdown period. 

The interruption of higher currents 
and voltages also can be accomplished 
by multiple contacts. Such contacts 
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will have to break with a fair degree of 
simultaneity. 

All current carrying parts exposed to 
the vacuum should have large cross sec- 
tions in order not to be heated appre- 
ciably by the normal line current or by 
short circuit currents of short duration. 
Too high a temperature of these elements 
would result in an undesirable evolution 
of gases from their surfaces. 

The small distance of separation of the 
electrodes required for the interruption 
allows tripping the switch with great 
accuracy. With alternating current it 
is thus possible to interrupt close to cur- 
rent zero. In this way only small cur- 
rents and recovery voltages have to be 
handled by the switch, resulting in a 
small loss of cathode material. 

The loss of material and the time of 
interruption can be influenced further 
by the speed of separation of the elec- 
trodes. A speed of one meter per second 
or more should be used at the instant of 


separation. 
The radius of curvature of the cathode 
should be large. The shape of the anode 


is not essential. For the interruption of 
alternating current the same contact 
arrangement as used for direct current 
is applicable provided the switch is 
always tripped at the same polarity. 
Both electrodes have to have a large 
radius of curvature and have to be sym- 
metrical if the switch interrupts on either 
polarity. 

By means of a magnetic field applied 
at right angles to the axis of the switch, 
the discharge can be confined to a small 
area. This considerably reduces the 
time required for the conditioning as well 
as reduces the necessary amount of 
vacuum melted material. A magnetic 
field of great intensity will disturb the 
focussing action and thus result in a 
faster deionization of the arc. 

The use of parallel capacitors and 
resistors,!:? of course, also will improve 


Koller—Vacuum Switch 


‘ 


the performance of a vacuum switch in 
reducing the recovery voltage. 


Conclusion 


It is believed that on the basis of the 
suggestions made here, a satisfactory 
working model capable of interrupting 
medium a-c or d-c loads can be con-— 
structed for test purposes. 
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4 LECTRIC SHIELDING of a-c power 
‘Mm cable is provided primarily for the 

_ purpose of directing and confining the 
4 electric field within the insulation so as to 
_ prevent the occurrence of unduly high 
_ electric stresses in dielectrically weak di- 
a rections or regions of a cable. Martin 
J Hochstadter laid down the principles 
_ governing such shielding in 1913, with 
‘particular application to impregnated 

paper insulated cables for high voltages.’ 
3 Such cable was not used widely during 
the following years, although the subject 

_ of shielding had been considered by many 
_ cable engineers in the United States. An 

excellent summary of shielding history 
- and practice was presented in 1938 by 

L. F. Hickernell to the transmission and 
- distribution committee of the Edison 

_ Electric Institute under the auspices of the 
- Insulated Power Cable Engineers Associ- 
ation.? 

During this time, various types of 
shielding, including the semiconducting 
type, were being considered. Semi- 
conducting shielding may be defined as 
the practice of ‘‘partially” confining the 
electric field within the insulation by 
means of a semiconducting covering, its 
most important function being prevention 
of corona discharge. In 1928 cable with 
this form of shielding was described in an 
article by M. J. Lowenberg.’ This article 
told of the failure of cotton-braided var- 
nished-cambric cable, because of “‘arcs 
formed between the braid and the duct in 
which the cable was installed.” Lowen- 
berg then proceeded to tell how this 
trouble was eliminated by the substitution 
of a conducting cotton or asbestos braid 
for that of ordinary saturated cotton. 
The shielding effect of the braid, because 
of its partial- or semiconductivity, made 
possible the success of this venture. 

Semiconducting shielding has been 
employed in a number of a-c cable in- 
stallations in recent years, but an exact 
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theory of its use has not been published. 
Consequently, most characteristics of 
this type of shielded cable have remained 
obscure, and the field to which semicon- 
ducting shielding may be applied safely 
has been limited unnecessarily. 

It is hoped that the subject matter 
covered by this paper will assist in co- 
ordinating knowledge on the shielding of 
power cable, so that more effective use 
may be made of this electrical property. 


Theory of Semiconducting Shielding 


While Lowenberg’s paper dealt prin- 
cipally with the application of semi- 
conducting shielding to varnished-cam- 
bric insulated station cables, probably its 
most important application is to rubber- 
insulated cables, as rubber is subjected to 
corona cutting from spark-generated 
ozone. The protective requirements of 
this type of installation may be met by 
semiconducting shielding. 

Oscillographic observations of cable 
charging currents at ground points have 
verified the shielding effect of semicon- 
ducting cable coverings. Illustrative of 
this type of study are the oscillograms of 
Figure 1. They are typical of traces pro- 
duced on the scréen of a cathode-ray 
tube by the charging currents of three 
types of cable identical but for the elec- 
trical properties of their external cover- 
ings. Thus, the current traces of the 
cables having semiconducting and highly 
conducting shielding are smooth, and free 
of the high frequency components which 
are indicative of corona discharge. In 
contrast, unshielded cable under equal 
voltage conditions gives rise to a profu- 
sion of high frequency discharges. These 
oscillograms were obtained by carrying 
the 60-cycle charging current of the cable 
samples to ground through a 0.25 milli- 
henry inductance, with the vertical plates 
of an oscillograph connected across the 
inductance. 

To aid in interpreting the meaning of 
these observations, a theory of the elec- 
trical function performed by semicon- 
ducting cable coverings has been devel- 
oped. This theory is based on an adapta- 
tion of the exact hyperbolic formulas for 
transmission lines to the circuit condi- 
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Figure 1. Charging current of shielded cable 
versus unshielded cable 


tions present in a cable dielectric and semi- 
conducting coverings. The simplified cir- 
cuit of Figure 2 has been adopted as the 
electrical equivalent of cable insulation 
and outer coverings. The uniformly dis- 
tributed capacity represents the dielec- 
tric, the conductance of which has been 
disregarded, its contribution to the ad- 
mittance being negligible. The uniformly 
distributed resistance represents the semi- 
conducting outer covering, the reactance 
of which also has been ignored, inasmuch 
asit hasa comparatively minute effect on 
the impedance. The parallel capacity to 
ground likewise is neglected, as its opera- 
tion reduces the current flow through the 
semiconducting covering by shunting a 
portion of the current, and, for practical 
purposes, this effect constitutes a factor 
of safety. Finally, the conductor is con- 
sidered equivalent to the infinite ground 
in transmission calculations, inasmuch as 
for the cable lengths herein considered 
there is insignificant voltage drop along 
the conductor. The following formulas, 
expressed in co-ordinates adapted to meas- 
urement on the finished cable, were de- 


Figure 2. Equivalent circuit of cable insulation 
and outer semiconducting covering for single 
conductor cable 
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where 


V, =vector line voltage to ground in volts 

Vp=vector voltage drop across the insula- 
tion at a point midway between 
grounds : 

Vz=vector voltage drop lengthwise along 
the outer semiconducting covering, 
from the midpoint between two 
grounds to the ground points 

%)=vector current in amperes at the 
ground point from the half-length of 
cable on one side of ground 

6)=power factor angle in degrees measured 
between the conductor and the 


‘ground point; this is the angle due ~ 


to the power loss resulting from pass- 
ing the charging current through the 
semiconducting shield to ground 
f=frequency in cycles per second 
c=capacity in micromicrofarads per inch 
length of cable 
R=longitudinal resistance of the semicon- 
ducting covering in megohms per 
inch length of cable; this is the a-c 
resistance : 
L=one-half the distance between grounds 
in inches 


Graphs for Use in Design of 
Semiconducting Shielded Cable 


It will be noted that the foregoing 
formulas are functions of RL*, RL? being 
a function of the a-c resistance of the 
semiconducting covering and the spacing 
between ground points. This fact has 
made feasible the calculation and drawing 
of graphs which have the common co- 
ordinate RL? and which encompass all 
probable cable constants. That this has 
been possible is very fortunate for, though 
simplified, the formulas still are compara- 
tively unwieldy in applications to routine 
measurement and design; and it is quite 
difficult to appreciate fully the relation 
between the several electrical character- 
istics which they represent. The standard 
electric power frequency of 60 cycles per 
second has been employed in calculating 
the graphs, calculations being made for 
cables having capacities of 1, 5, 15, 30. 
and 50 micromicrofarads per inch length. 
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factor angle, 0. Figure 6 is a similar 
graph of the maximum heat generation 
possible in watts in the inch of cable 
covering adjacent to the ground point, 
resulting from the passage of the charging 
current through the covering. 

Figure 7 gives the thermal surface re- 
sistance in thermal ohms per inch length 
of cable for various cable diameters. 
These thermal resistance curves have been 
included because they are useful for deter- 
mining the effect which semiconducting 


coverings may have on the thermal char- 


acteristics of a particular cable design, 
and because the data have been employed 


Figure 3. Dielectric 
vector voltages versus 
semiconducting — shield 
resistance for single 
conductor cable 


A—tLocus of midpoint 
insulation and braid 
voltage vectors 


in checking the efficacy of the semicon- 
ducting shielding theory proposed. The 
curves have been derived from a paper 
published by S. J. Rosch.® 


Examples in Use of Graphs 


To illustrate the use of these graphs in 
cable design, consider an aerial cable 
supported on metal rings 20 inches apart, 
rated at 10,000 volts to ground, and char- 
acterized by a capacity of 15 micromicro- 
farads per inch and a semiconducting 
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cable on one s 
the semiconducting co ; 
wise resistance of two: egohms | 
a maximum voltage dro of one 
mil would be developed tf 
of this charging current, a stress mu 
low to cause corona discharge. 
Figure 5 shows that this cable wot ot 
behave as a pure capacity; instead it 
would have a cotangent % of approxi- 
mately 0.37, which corresponds to an op- 
erating power factor of 35 per cent. Fig- 
ure 6 indicates a lossof 0.5 watt in the inch 
of covering adjacent to the ground point. 


If this cable has an over-all diameter of 
two inches, and is installed so that there 
is a free movement of air about it, the 
cable will possess a thermal surface re- 
sistance of approximately 24 thermal 
ohms per inch of cable length, according 
to curve A’ of Figure 7. Since the tem- 
perature difference required to liberate 
heat from a cable surface is equal to the 
product of the watts times the surface re- 
sistance in ohms, a temperature rise of 12 
degrees centigrade will be produced in the 
semiconducting covering adjacent to the 
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Figure 4. Charging current versus semicon- 
eucting shield resistance for single conductor 
cable 


e 


_ ground point, because of the power loss 

ee from passing the charging cur- 
rent through the semiconducting shield 
to ground. 


"Measuring Technique 


In order to make available through the 
_ theory and graphs explained in the fore- 
- going complete data relative to a par- 
ticular sample of semiconducting shielded 
cable, seven constants must be measured. 
_ These are 


~*~ 


1. The diameter over the outer coverings 
of the cable in inches, D. 


2. The voltage applied for the measure- 
ments in volts, Vz. 


3. The half-length in 
ground loops, L. 


inches between 


4. The cotangent of the power factor angle 
of the combined semiconducting covering 
plus insulation, 62. 


5. The ground point current correspond- 
ing to 62, Io. 

6. The cotangent of the insulation power 
factor angle, 6. 


7. The capacity in micromicrofarads per 
inch length of cable, c. 


In test procedure the first step is to 
measure the diameter, D, over the outer 
coverings. Next, the sample is prepared 
for the cotangent @ and ground point cur- 
rent measurements. The semiconducting 
covering is stripped from each end of the 
length, but is left intact on the center 
section. Wire loops are spaced on the ac- 
tive center section so as to form a number 
of m sections, similar to electrical models 
of long transmission lines or communica- 

tion circuits. The number of sections 
and their length depend both upon the 
characteristics of the cable and the sensi- 
tivity of the bridge circuit employed for 
the measurements. Thus, in the analysis 
of a cable design having a low unit ca- 
pacity and a high unit covering resistance, 
a larger number of sections of shorter 
length is necessary, than if the opposite be 


AUGUST-SEPTEMBER 1946, VOLUME 65 


com 
OMI 
0 
“CUI Leet Ha 
Sa AT AST 
Pe hal at seer 
Bul NTA 
all Ae CS Al 
2... HEHE Hd 
. ks IF A AT 
gi beat Cn TT 
eae ee gure 
Ose CE AT 
iN 
0.05 
mii meni Cm 
0 He 
| 10 10 102 104 10> 
iis Re 


Figure 5. Power factor versus semiconducting 
shield resistance for single conductor cable 


true. It is apparent that this aspect of 
the measurement requires an exercise of 
judgment and some experimenting before 
an efficient arrangement can be secured. 
In addition, the prepared sample must be 
placed on an insulated support, so that 
parallel capacity effects may be held to a 
minimum in accordance with the assump- 
tions made in deriving the simplified 
formulas. With the sample so placed, all 
the wire loops except one are connected, 
through shielded leads, directly to the low 
tension side of a 60-cycle Schering bridge. 
The excepted loop is connected to the 
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Figure 7. Surface resistance in thermal ohms 
per linear inch of cable for single conductor 
cable 


A'—Braided cable in air 
C’—National Electrical Manufacturers Associa- 
tion standard 
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Figure 6. Watts loss versus semiconducting 
shield resistance for single conductor cable 


bridge through an a-c milliammeter or 
microammeter, so that the ground point 
current may be read. For the current 


measurement a ground loop adjacent to: 


an end is preferable, because the current 
recorded at this point corresponds to the 
half-length current of the formulas and 
graphs. If the meter is connected to a 
loop in the center of the semiconducting 
section, twice this current is read, as it is 
collected from two half-lengths. The 
voltage now is applied and both the 
ground point current and cotangent of 
the power factor angle read. The half- 
length, L, corresponding to these meas- 
urements is recorded in inches, the volt- 
age, Vz, in volts, the cotangent as that of 
6,, and the half-length current as Jo. 

Two measurements remain: the unit 
capacity, and the insulation power factor 
angle. To obtain these, the remaining 
semiconducting covering is stripped from 
the center section of the cable sample, and 
replaced with a highly conducting metal 
foil wrapping. Then the cotangent of the 
insulating power factor angle, 6;, is meas- 
ured, as is the capacity of the length in 
micromicrofarads. The capacityin micro- 
microfarads per inch, obtained from this 
measurement, is the unit capacity, c, 
employed in the formulas and graphs de- 
scribed in the foregoing. 

The first step in employing these meas- 
ured data to make an analysis of the char- 
acteristics of the semiconducting covering 
is to obtain the value of cotangent 4p. 
This may be done by subtracting 6; from 
6, the difference angle being 4, this pro- 
cedure is in accordance with one of the 
original assumptions in deriving the 
theory, namely, that the insulation con- 
ductance was ignored so as to aid in 
simplifying the formulas and calculations. 
Having found the value of cotangent 4, 
and knowing the capacity of the cable in 
micromicrofarads per inch of length, the 
corresponding RL? may be obtained from 
Figure 5. In turn, the unit resistance of 
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b= measured with vacuum tube voltmeter 
¢=measured with rectifier type milliammeter 
4=null-type measurement, Figure 8 


the semiconducting covering in megohms 
per inch of cable length may be obtained 
by dividing the value of RL? by the square 
of the half-length used in the cotangent 
0 measurements. Having established 
the value of R, it becomes comparatively 
simple to predict the performance of the 
cable design for any ground point spacing 
by calculating the particular RZ? and 
applying this to Figures 3 through 7. 


Experimental Confirmation of 
Theory 


Table I contains data obtained from 
cable designs which were selected to test 
the correctness of the theory. The choice 
of samples represents a range of 60-cycle 
semiconducting covering resistance from 
approximately 0.01 megohm to slightly 
over four megohms per inch of cable 
length. The agreement between values 
calculated from the cotangent measure- 
ments and those measured directly is very 
good for this type of measurement and 
thereby certify the practical worth of the 
theory. 

Inasmuch as some interesting prob- 
lems in measuring technique presented 
themselves in the course of this experi- 
mental work, it has been thought worth- 
while to explain them in detail for their 
possible application to similar measure- 
ments in the field of dielectric research. 
Many measurements were made which 
did not fit in as well as was expected with 
the calculated theory. This was true 
particularly of the readings taken of the 
voltage built up lengthwise along the 
semiconducting covering by the flow of 
the cable charging current. For example, 
the measured V; of sample A agreed very 
well with that calculated, but that of 
sample B did not. Both these voltages 
were read with a vacuum tube voltmeter, 
which was supposed to approximate a 
zero energy device. This it does for most 
measurements to which it is applied, but 
in the case of sample B, which possessed a 
covering of medium high resistance, the 
parallel capacity to ground of the volt- 
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wee aeguiie of constants obtained foe calculations based on Gurcyale Schering peldge measurements. 


meter pickup prod was sufficient to con- 
stitute a partial ground. As a result, a 


considerable portion of the cable charging _ 


current passed through this partial ground 
and therefore was not available to cause 
a voltage rise along the covering. This 
phenomenon is illustrative of the manner 
in which parallel capacity to ducts and 
conduits affects the characteristics of 
semiconducting shielded cable. 

The vacuum tube voltmeter was still 


more ineffective in attempts to measure - 


the voltage characteristics of sample C, 


_which was characterized by a high-re- 


sistance ‘‘semiconducting” covering. It 
was necessary to employ a true zero 
energy measuring technique for these 
readings. The circuit of Figure 8 shows 
the method by which this was accom- 
plished. The voltage built up on the 
cable covering under test was balanced at 


Figure 8. Null point 

method of measuring 

phase and value of volt- 

age on the semiconduct- 

ing covering of semi- 

conducting shielded 
cable 


a midpoint between grounds by a voltage 
applied through a phase shifter, The 
magnitude of this applied voltage was 
varied by means of an autotransformer 
placed in the primary winding of the 
phase shifter, and the value of the voltage 
output of the phase shifter was read by a 
voltmeter. The phase of the voltage ap- 
plied to the covering as related to the line 
voltage impressed on the cable conductor 
was indicated by connecting a cathode- 
ray oscillograph as shown to form Lissa- 
jous figures. A Schering bridge was used 
to indicate balance; thus, if the braid 
voltage were not balanced by the voltage 
from the second circuit, the latter would 
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ees ay BE 3 
sufficiently great to reduce 
carrying capacity of a cable marked! 
Thus, consider a 2,000,000 circular m 
cable, with a unit capacity of 15 
microfarads per inch, an over-all diame’ 
of 2.7 inches, operated at a 000 volts 
ground. If RL? equaled , the po 
loss in the inch of semiconducting shie 
adjacent to the ground point a be 0.8 
watt. Inasmuch as the thermal surface 
resistance of this cable is 23 thermal ohms — 
per inch, a hot spot would result with 
temperature rise equal to the product of — 
watts and thermal ohms, or 18 degrees — 
centigrade above normal. This tempera- 

ture rise would result entirely from the 
passage of charging current, and would 


have to be superimposed upon that re- 
sulting from the load current. 


Conclusions 


A theory of semiconducting shielding 
has been presented which may be used 
as a guide in the application of this type 
of shield to electric power cable. 

The electrical resistance required of a 
semiconducting shield for a particular 
cable installation is determined by several 
interrelated factors: the maximum spac- 
ing between ground points, the cable 
capacity per unit length, the line voltage, 
and the over-all-diameter of the cable. 
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Synopsis: The considerations involved in 
the design of an automatic synchronous 
condenser control are discussed in this paper 
with an aim toward helping the designer and 
user of synchronous condenser equipment 
_ obtain modern and complete facilities in his 
design. A typical push-button-operated 
control for a large synchronous condenser is 
described and the diagrams involved are 
shown. The description includes a detailed 
résumé of starting sequence, protective de- 
vice operation, and automatic control of 
voltage and load. Emphasis is put on the 
adaptability of push-button control to full 
- automatic operation or remote operation by 
_ direct or supervisory control. 
is 
a HILE there is no clear line of de- 
marcation between large and small 
synchronous condensers, it will best 
serve the purposes of this discussion to 
define large synchronous condensers as 
those having a rating of 5,000 kva or 
above. Numerically, there are about as 
_ many synchronous condensers below the 
5 000-kva rating as above it, but the 
- connected capacity of the large machines 
' represents nine-tenths of the total capac- 
ity and the small machines only one- 
tenth. Hydrogen cooling appears on 
machines above 15,000-kva rating and at 
present will be found on about 12 per 
cent of these machines. There is reason 
to believe that hydrogen cooling will be- 
come more general in this class. 


Paper 46-106, recommended by the AIEE commit- 
tee on automatic stations for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted March 18, 
1946; made available for printing April 23, 1946. 


M. J. Brown is design engineer, switchboard engi- 
neering department, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 


To be noted particularly is the fact that 
all pertinent electrical characteristics are 
functions of the product of the shield re- 
sistance and the square of half the ground 
point spacing. 
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Control of Large : 


Condensers 


Automatic control for condensers in 
the larger sizes offers advantages that 
are attractive to users of these machines. 
The starting procedure, which begins 
with the acceleration of the rotor and in- 
volves field application at the time that 
synchronous speed is reached and ends 
with applying full voltage to the machine 
stator, is a routine sequence that in- 
volves several operations that must be 
properly timed. The timing of these 
operations as well as the checking of 
various mechanical and electrical condi- 
tions during the starting sequence is a 
duty that can be more efficiently handled 
automatically than manually. Besides 
this very practical consideration of ac- 
curate procedure, there are other reasons 
for adapting automatic control. The 
time consumed in going through the 
starting procedure will be a minimum, 
and the operating personnel can be re- 
duced in number or skill. These two 
features are of interest to operating su- 
pervisors who bear the responsibility for 
efficient and punctual operations in the 
system. Automatic operation, which is 
manually initiated and terminated, will 
have as its primary element a manually 
operated push-button or control switch. 
It is not difficult to extend this control to 
full automatic operation wherein the 
machine is started by undervoltage condi- 
tions and removed when machine load 
drops. Remote control of starting and 
stopping is another alternative. Such 
control simply is an extension of the local 
manual control over a direct wire or asa 
point on a supervisory control system. 
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Apparatus Associated With Large 
Synchronous Condensers" 


There are two general methods of ob- 
taining starting torque. One method 
employs an induction motor directly 
connected to the condenser shaft as a 
source of accelerating torque. The sec- 
ond is a self-starting method wherein the » 
reduced voltage js applied to the stator 
and the rotor accelerates on torque from 
the damping bars. Which of these two 
methods is to be used is determined by 
system conditions. 

Should the system demand minimum 
disturbance, the induction motor should 
be used. If, however, it can tolerate 
the power swings involved in low volt- 
age starting, this method will be found 
to be more economical in both equipment 
and space requirements. 

Low voltage starting may be effected 
by using an autotransformer, tapped 
power transformer, series reactor, or a 
series-parallel stator connection scheme. 
The autotransformer scheme is the most 
generally used and is the basis of the 
control discussed in the following pages. 

Two autotransformer connection 
schemes are in general use. Figure 1 
shows the two schemes. They differ in 
the location of the starting breaker. 
The choice between the two is based 
upon breaker costs and economy of in- 
stallation. Satisfactory performance is 
obtained with either connection, and 
neither has any operating advantage 
over the other. 

Excitation for the field can be obtained 
from either a direct-connected exciter 
or a separately driven exciter. The 
latter is employed with hydrogen-cooled 
machines when it is desired to keep the 
d-c machine and its commutator out of 
the hydrogen chamber. The main ex- 
citer will be equipped with a main and 
differential field, the latter being used 
for overcoming the exciter residual so 
that the low voltages required for lag- 
ging capacity may be obtained. The 
main and differential field will be under 
the control of the voltage regulator sys-~ 
tem whose motor-driven rheostat and. 
field forcing resistors will alter excitation. 
to meet changing demands for reactive: 
power output of the condenser. A 
pilot exciter on the same shaft as the 
main exciter will furnish excitation cur-. 
rent for the main exciter fields. A field 
cubicle containing the field breaker and 
discharge resistor completes the excita- 
tion equipment. 

The larger condensers will be equipped 
with bearing lift pumps that must be 
used as a means of floating the shaft.on a 
film of oil prior to starting. There will 
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be oil pumps employed in some cases for 
circulating lubricating oil in the bearings 
that must operate continuously as long as 
the motor is running. On other ma- 
chines, oil rings provide lubricating oil 
circulation without the need for auxiliary 
oil pumps. 

The instruments, relays, control 
switches, and associated devices will re- 
quire switchboard mounting. Figures 2 
and 3 show one section of a tunnel-type 
switchboard designed for the control of a 
25,000-kva synchronous condenser. This 
type of construction has been adopted 
widely because the control switches 
and instruments are very accessible and 
constantly observable on the front panel 
of the switchboard, while the relays are 
easily attended on the back panel of the 
board. All wiring, terminal blocks, and 
fuses are concealed and protected within 
the tunnel housing. This area of the 
switchboard can be reached by entering 
a door at either end of the switchboard 
assembly. Drawout relays with built in 
test switches offer flexibility of handling 
when maintaining the relays. 


Starting Characteristics of 
Synchronous Condensers 


When a condenser is brought up to 
speed with a direct-connected induction 


Figure 2. Tunnel-type switchboard section de- 


signed for synchronous condenser control 
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motor, the problems encountered in 
putting it on the line are exactly the same 
as those experienced when a generator is 
put on a line. The machine must be 
brought to synchronous speed, its volt- 


Brown—Synchronous Condensers 


When self- 
is employed, th Teast 
countered if the fi d be: 
full voltage is put on the stator. © 
5 shows the ‘‘V” curves for a t} 
condenser. The lower curve indicat 
the line current to be expected for various _ 
values of field excitation when operatin, 
the machine at 22.5 per cent rated v ) 
age. The upper curve indicates line 
current variation with field excit 
when the machine is operating at 
line voltage. The intersection of these — 
two curves gives a value of field current — 
which may be used during starting if the 
leading reactive load during starting is to 
be the same before and after transfer io? 
starting to running voltage. : 

The sequence of events in a typical — 
start is shown by the graph in Figure 6. 
This shows the variation of reactive 


‘ 


Figure 3 (right). Rear panel relay arrange- 
ment of switchboard shown in Figure 2 


ELECTRICAL ENGINEERING 


, graphic ees 
vhen the aaennnies is accelerated and put 
' ine. The initial reactive inrush 

is lagging and diminishes in value as the 
machine accelerates. At half speed a 
‘slight drop is noted, but the decline con- 
tinues smoothly until synchronous speed 
is approached. Hunting appears as a 
“wavy trace in the graph and as synchro- 
‘nous speed is reached, the reactive power 
_ drops to a low steady value. When the 
field is applied, the reactive power be- 
_ comes leading, building up in magnitude 
as the field builds up. The field even- 
tually stabilizes and the machine is 
_ operated for a brief period under these 
conditions to assure that hunting has 
subsided. The transfer from starting to 
= running voltage is made at this point. 
ss Although the actual transfer requires 
J _ only a fraction of a second its effect is to 


4 A sub- 
2 


4 


_ reduce field flux to a low value. 
sequent delay is encountered in rebuild- 
‘ing the field. During the transfer, the 
field current will be dropped to nearly 
zero as the induced voltage in the field 
_ winding opposes the exciter voltage. 
The reactive power changes sharply 
during transfer from leading to lagging 
‘ and returns slowly to leading again as 
field flux reappears. 
The disturbance on a system caused by 
a synchronous condenser coming on the 
line is the net effect of the various re- 
active power swings encountered in the 


STAY 


Figure 4. A 15,000-kva hydrogen-cooled 
outdoor synchronous condenser 
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1= start-stop push button 


-4=master relay (multicontact type) 


6=starting breaker 
14=locked rotor protective relay (slow release 
telephone type type) 
14X1=pendulum relay (telephone type) 
14Y1=counting chain relay (telephone type) 
14Y2=counting chain relay (telephone type) 
14Y3=counting chain relay (telephone type) 
14Z = pulsing relay (telephone type) 
18=acceleration relay (current operated induction 
disk type) 
18X =auxiliary relay (solenoid contactor) 
26 =thermal relay 
26H =hydrogen temperature in machine 
30=annunciator relay 
30-1, 30-2, and so forth=individual drops 


380X =auxiliary relay (electrically operated, 
manually reset) 

30Y =bell alarm cutoff relay (solenoid contac- 
tor type) 


38 = bearing thermal relay 

40= field failure relay (solenoid contactor type) 
41=field breaker 

42 =running breaker 

46=current balance relay (induction disk type) 


‘47 =undervoltage, single and reversed phase relay 


(induction disk type) 

48=incomplete sequence relay (a-c timing relay) 

49=thermal overload relay (thermal lag—thermo- 
static relay) 

51=inverse time overcurrent relay (induction disk 
type) 

52 =line breaker 

53=exciter voltage relay (instantaneous soleaand 
type) 

56=field application relay (a-c timing relay) 
T:=short time contact 
T2=long time contact 

59 =a-c overvoltage relay Gnduction disk type) 

63 = pressure relay 
63H = hydrogen pressure in machine 
63H B= hydrogen pressure in bottles 
630F =oil pressure in front bearing 
630R=oil pressure in rear bearing 
630X=auxiliary oil pressure relay (solenoid 

contactor type) 
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oe 
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63 W =cooling-water pressure 
63WM =water detector relay , 
86 peas relay (electrically operated, manually 
reset 
87 = differential relay (induction disk type) 
88 = auxiliary motor 
88E =exciter motor 
88EX =exciter motor breaker 
-88W =cooling-water valve motor 
88WX =cooling-water valve motor relay 
880 =oil lift pump motor 
88Q0.X =oil lift pump motor relay 
90 = voltage regulator 
90C =current regulator operating coil 
90CX =a-c timing relay (induction disk type) 
90CY =a-c fault detector relay (instantaneous 
solenoid type) j 
90CHR=antihunt coil—current element—raise 
90CHL=antihunt coil—current element—lower 
90CZ = auxiliary relay (multicontact type) 
AR=quick-raise contact (voltage element) 
AR’ =quick-raise contact (current element) 
AL=quick-lower contact (voltage element) 
CR=raise contact (current element) 
CL=lower contact (current element) 
CSR =control switch raise 
CSL =control switch lower 
I=contact closed in indicating position of regu- 
lator transfer switch 
LC =lowering contactor 
LS =limit switch 
M=contact closed in manual position of regulator 
transfer switch 
NR=normal-raise contactor 
NL=normal-lower contactor 
NH=antihunt coil—normal 
contacts ; 
QR= quick-raise contactor 
QOL = quick-lower contactor 
QH =antihunt coil—quick-raise and -lower con- 
tacts 
R=contact closed in regulating position of gceus 
lator transfer switch 
RL=red light indicating raise required 
LL=green light indicating lower required 
VR=raise contact (voltage element) 
VL=lower contact (voltage element) 


raise and lower 


period extending from the time of ini- 
tial inrush to final stabilized operation 
at full line voltage. The best operating 
point can be determined only by evalu- 
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ating the effect of the individual dis- 
turbances during this period on the sys- 
tem to which the condenser is applied. 
The field excitation determined by the 
intersection of the ‘‘V” curves in Figure 5 
will give satisfactory operation in many 
cases. A decrease in field current will in- 
crease the severity of the lagging reac- 
tive power peak encountered at the time 
of transfer. An increase in excitation 
will decrease this peak, but it also will 
bring the condenser on the line at a 
higher load, at both the starting and run- 
ning voltage. 


TYPICAL 
VALUE OF FIELD 


CURRENT AT 


PER UNIT LINE CURRENT 


PER UNIT FIELD CURRENT 


Figure 5. Characteristic curves for a typical 
synchronous condenser 
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An alternative method of starting 
suggests itself; that of accelerating the 
machine on low voltage, applying full 
voltage, and then applying field at the 
no-load value. The inrush of reactive 
power is far greater in this case when full 
voltage is applied than in the case where 
field is on before full voltage is applied. 
With this method, the phase and magni- 
tude of the internal voltage of the con- 
denser are less favorably matched to 
line voltage phase and magnitude when 
transfer is made than would be the case 
if the field were excited. Consequently, 
the inrush is greater with this method 
than with the method where field is ap- 
plied before transfer is made. 


Automatic Sequence for Controlling 
Synchronous Condenser 


The following description applies to 
the control of a self-starting hydrogen- 
cooled machine operating from an auto- 
transformer. Figure 7 shows the single 
line diagram of this control and Figure 8, 
the control diagram. This is a typical 
scheme and would be altered in practice 
by changes in details to suit each par- 
ticular application. The functional se- 
quences are as follows: 


PusH-BUTTON STARTING 


1. Operate push button. 


2. Start incomplete sequence timing relay. 
Failure to complete the starting sequence in 
a definite length of time will cause lockout. 


3. Check position of control elements. 
(a). Check to assure that line breaker is 
open. 

(b). Check to assure that starting breaker 
is open. 

(c). Check to assure that running breaker 
is open. 

(d). Check to assure that field breaker is 
open. 

(e). Check to assure that motor-operated 
rheostat is in pre-set position. 

(f). Check to assure that lockout relay has 
been reset. 

(g). Check to assure that proper voltage 
and phase rotation exists on the a-c line. 
(h). Check to assure that station battery 
voltage is at an operative value. 


4. Start auxiliaries. 

(a). Start oil lift pumps. 

(b). Start separate exciter. 

(c). Start flow of bearing cooling water. 


5. Check operation of auxiliaries. 

(a). Check oil lift pump pressure. 

(b). Check exciter voltage. 

(c). Check cooling water pressure (or 
flow) to hydrogen cooler and bearings. 


6. Close starting breaker. 
7. Check closing of starting breaker. 
8. Close line breaker. 


9. Check for machine rotation. 
rotate will cause lockout. 


Failure to 
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Figure 6. Graphic 
varmeter trace of re- 
active power drain by 
a 25,000-kva syn- 
chronous condenser 
during starting 
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Figure 7. Single-line diagram of a typical 
synchronous condenser and associated equip- 
ment 
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10. Start field application timing relay 
when machine reaches approximately two- 
thirds of full speed. This relay ultimately 
applies field and later trips starting breaker 
and closes running breaker, 


11. Apply field by closing field breaker 
after field application relay closes short 
time contact. 


12. Trip starting breaker after field ap- 
plication relay closes long time contact. 


13. Check opening of starting breaker. 
14. Close running breaker. 

15. Connect voltage regulator. 

16. Shut down oil lift pumps. 


17. Connect contacts of field failure relay 
PusH BUTTON STOPPING 


Note: The machine’s load should be 
reduced to zero before taking it off the 
line. This must be done manually un- 
less the control is fully automatic. 
In this case the loss of load precedes the 
stopping sequence. 

1. Open line breaker. 
2. Open running breaker. 


3. Check to assure that running breaker is 
open 


4. Open field breaker. 


5. Check to assure that field breaker is 
open. 


6. Open exciter motor breaker. 


7. Drive motor-operated rheostat to start- 
ing position. 
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STATION BATTERY POSITIVE 


86 4 


88W 
© 


STATION BATTERY NEGATIVE 


8. Shut down accessories: 
bearing cooling water. 


Hydrogen and 


_ EMERGENCY STOPPING 


- ‘1. Open line breaker. 


2. Open running breaker. 

3. Open field breaker. 

4, Check to assure that field breaker is 
open. 

5. Open exciter motor breaker. 

6. Drive motor operated rheostat to start- 
ing position. 

7. Shutdown accessories: hydrogen and 
bearing cooling water. 


Voltage and Current Regulator 


After the machine is on the line, volt- 
age regulation of the bus to which it is 
connected can be delegated to a voltage 
regulator. This regulator increases or 
decreases field current as the bus voltage 
tends to decrease or increase. The ma- 
chine, however, is limited by its capacity 
in the amount that it can correct line 
voltage. If it cannot raise the line volt- 
age, it will overload itself in the attempt 
unless something is done to limit the re- 
active load that it takes. For this rea- 
son, a current regulator is added to the 
voltage regulator scheme on condensers. 
If the voltage regulator tends to raise 
excitation to a point where the line cur- 
rent would exceed the maximum per- 
missible value, then the current regulator 
makes the voltage regulator ineffective. 
If the line current exceeds this value for 
any reason, then the current regulator 
lowers the excitation to a safe value. 
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Figure 8. Control-relay diagram for automatic 
control of a synchronous condenser 


During fault conditions there would be 
a tendency for the current regulator to 
take immediate control and reduce ex- 
citation. Since this is a transient condi- 
tion, a timing relay scheme is employed 
that holds the current regulator ineffec- 
tive for a short time during the fault. If 
the fault persists, the current regulator 
begins to operate and reduces excitation. 

The bus voltage value that the con- 
denser maintains can be selected by ad- 
justment of the voltage regulating rheo- 
stat in the voltage regulator circuit, 

In some applications it is the purpose 
of the synchronous condenser to keep the 
power factor of a load constant even 
though this load may change rapidly 
and its power factor vary widely. Elec- 
tric arc furnaces draw this type of load. 
In these cases it is necessary to employ a 
power factor regulator instead of a volt- 
age regulator. The power factor regula- 
tor operates on load current and voltage 
and is sensitive to changes in the phase 
angle between the two. If the power 
factor drops below the desired value, a 
contact closes, causing increased con- 
denser excitation. A raise in power 
factor above the regulating value de- 
creases excitation- A  current-limiting 
element must be used with the power 
factor regulator. However, quick raise 
and quick lower devices are. not neces- 
sary, nor are the devices employed with 
the current regulator for rendering it in- 
effective during faults. 


Brown—Synchronous Condensers 


Qx j ; 
| 
18> 18X= 
WwW 
7p) 
S 


or say a 88 
42 4! 
6 
lak 56 
18x 
A z 
gd Sos oe 
(3) 10) 
—s_-YY 
FIELD RUNNING 
BREAKER BREAKER 
DEVICE DEVICE 
41 42 


Protecting Synchronous Condenser 


The abnormal conditions which may 
develop in the synchronous condenser, 
its control, and auxiliaries may be seg- 
regated into two classes. The first 
group embraces those troubles which are 
dangerous because of their damaging 
effect on the machine, auxiliaries, or 
connected lines. These demand im- 
mediate protective action and in gen- 
eral call for a complete shutdown and 
lockout. The second group includes the 
abnormal conditions that cannot be im- 
mediately responsible for damage or 
disturbance but demand attention be- 
fore more serious consequential condi- 
tions arise. These faults demand im- 
mediate annunciation but do not re- 
quire shutdown. 

In the first group are the following con- 
ditions, conveniently termed lockout 
faults: 

1. Locked rotor. Machine fails to rotate 
when starting voltage is applied. 


2. Bearing overtemperature. 
(a). Condenser. 
(b). Exciter. 


3. Field failure. 


4. Overcurrent. 

(a). Instantaneous. 

(b). Inverse time delayed. 
(c). Long time overload. 


5. Overvoltage. 


6. Internal fault in machine (differential 
relay operation). 


7. Phase current unbalance. 


8. Failure to complete starting sequence. 


The second group, which may be 
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‘termed annunciating faults, 


follows: 


1. Overtemperature of hydrogen. 
(a). In main chamber of machine. _ 
(b). In collector chamber of machine. 


2. Underpressure in hydrogen bottles. 
8. Underpressure in machine. 


4. Presence of water in water collectors 
beneath machine. 


Full Automatic Control 


The start contact in Figure 8 can be re- 
placed by a delayed make-contact of an 
undervoltage relay. The delay elimi- 
nates starting on passing conditions of 
undervoltage and assures that the con- 
denser will be started only when voltage 
is low and remains low for a definite 
period of time. 

The stop contact can be replaced by 


an underload contact which closes in a_ 


definite period of time after the condenser 
load drops to a low value. 

The voltage regulator in the full auto- 
matic station controls the load on the 
condenser. Since the voltage-adjusting 
theostat will be pre-set, the regulator 
will alter excitation as required to main- 
tain the bus voltage corresponding to 
this setting. The bus voltage which it 
will tend to maintain can be altered by 
changing the voltage-adjusting rheo- 
stat manually. 


Supervisory Control 


The control of starting and stopping is 
only one of the functions which must be 
considered when applying supervisory 
control to the condenser station. There 
also must be considered the supervision 
of protective devices, telemetering of the 
electrical quantities involved, and remote 
operation of the voltage adjusting rheo- 
stat. 

A practical operating scheme would 
provide continuous telemetering of kilo- 
vars. The supervisory control would as- 
sign two points to the condenser control. 
One point would permit starting or 
stopping of the condenser. Following a 
start operation an indicating light would 
show when the master relay picked up 
and another light would show when the 
running breaker closed. A third light 
indication would follow the stop opera- 
tion. The second supervisory point 
would operate the voltage-ajusting rheo- 
stat. Changes in kilovar load resulting 
from operation of the voltage-adjusting 
rheostat would be observed on the kilo- 
var telemeter by the dispatcher. The 
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Detailed pereinien of 
Typical Scheme 


The synchronous fete Ses connec- 
tions of Figure 7 can be considered typical 


for a hydrogen-cooled machine of large ae 


size. Instrumentation is simple. Line 
voltage, line current, kilovars, and kilo- 
var-hours are the a-c quantities of in- 
terest. Field current, main exciter volt- 


age, and pilot exciter voltage are the d-c. 


quantities of interest. A temperature 
indicator connected to the exploring coils 
in the machine, although not shown 
schematically here, is also desirable on 
the switchboard. 

The main exciter motor operates from 
the station service 440 volts. An operat- 
ing transformer supplies 230 volts a-c to 
the oil lift pump motors. A potential 
transformer on the high voltage bus sup- 
plies the instruments and relays. A 
double secondary current transformer on 
the line side of the condenser breaker is 
connected so that one secondary oper- 
ates instruments and relays and the 
other secondary operates the differential 
relay. During starting, the current in 
the condenser windings will be several 
times the line current, and a third set of 
current transformers may be employed 
in the autotransformer neutral to bal- 
ance the currents on the two sides of the 
differential relay during a normal start. 
An alternative method is to use a dif- 
ferential relay that is spring-restrained 
from operation at the values of current 
involved during starting. This adjust- 
ment is normally within the range of 
conventional differential relays. 

In Figure 8 the progression of the 
starting sequence can be followed by 
moving from left to right on the dia- 
gram. If, as will be seen from the cir- 
cuit to coil 4, the lockout relay is reset, 
the starting push-button depressed, all 
breakers out, and the motor-operated 
exciter field rheostat in the proper position 
for starting, normal voltage conditions 
existing, relay 4 will pick up and seal in 
around all contacts except the lockout 
relay contacts. It will remain picked 
up unless short-circuited by the stop 
push-button contact or the reverse phase 
and undervoltage relay, or de-energized 
by the opening of the lockout relay. 

Make contacts of relay 4 set up cir- 
cuits to all the devices operated in the 
starting sequence. Linestarter 88Q0X is 
operated immediately after relay 4 picks 
up to start operation of the oil lift 
pumps. Likewise, the cooling water 
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630X in serie: 
pressure contact and an 
relay contact initiate the clos: 
starting breaker, device 6. We Ss 
42 is in this circuit to assure tl 
no circumstances can breaker 6 be clos 
when breaker 42 is closed. 
The closing of starting breaker, 
6, initiates the closing of the line b 


device 52. After the line hrealerusieeee 


the condenser is on the line at low volt- 
age, and it will draw current thal om 
tend to cause relay 18 to close its front 
contacts. Relay 18 is a current-operated 
induction disk relay, and as the machine 
accelerates, it drops out on the reduced 
current, eventually closing its back con- 
tact. When 18 closes its front contact, 
it picks up relay 18X, which seals itself 
in. A contact of 18X in series with the 
back contact of 18 picks up and seals in 
timer 56. 

At the end of a definite timing period, 
relay 56 closes the field breaker, device 41. 
Further operation of timer 56 causes start- 
ing breaker, device 6, to trip. The condi- 
tion that the line and field breakers are 
closed and breaker 6 is open sets up a 
circuit to close breaker 42, thereby putting 
the machine on the line at full voltage. 

The voltage regulator shown in Figure 
9 is brought into service by the closing of 
breaker 42, provided the control switch 
whose contacts are shown as RI is in 
either the regulating or indicating posi- 
tion. This switch has ‘“‘manual,” ‘indi- 
cating,” and “regulating’’ positions. In 
the “manual” or “indicating’’ position, 
the motor-operated rheostat may be raised 
or lowered by hand through the contacts 
CSR and CSL of a control switch. In the 
“indicating”’ position, the voltage regula- 
tor performs all of its functions except 
that it does not move the motor-operated 
rheostat. In the “regulating” position, 
the voltage regulator is in full operation. 

The d-c motor which drives the motor- 
operated rheostat has a split series field. 
Energization of the armature in series 
with one field will raise excitation; the 
other will lower. Limit switches pre- 
vent excessive travel of the mechanism. 
Cam switches are connected in the rheo- 
stat motor circuit to drive the rheostat 
to the starting position after the running 
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breaker closes on a shutdown. Con- 
tactors NR and NL control the rheostat 
under direction of the voltage regulator. 

An indication comes from the voltage 
regulator element that a raise in excita- 
tion is necessary by the closing of con- 
tact VR in series with regulator coil B. 
Contactor NR is picked up by this ac- 
tion, and it not only operates the motor- 
operated rheostat, but picks up relay RC 
and antihunt coil NH. The latter func- 
tions mechanically to open contact VR 
even before any rise in voltage is felt on 
the bus. VR is permitted to close if, 
after a time delay, an adequate rise in 
bus voltage is not experienced. Relay 
RC provides back contacts to operate the 
indicating light RZ and front contacts to 
operate the current element antihunt coil 
90CHR. Similarly, a demand for reduc- 
tion in voltage involves contact VL, 
regulator coil C, contactor VL, relay De. 
and antihunt coil VH. 

Sudden wide changes in voltage de- 
mand more rapid changes in excitation 
than normal operation through the motor- 
operated rheostat will provide. In this 
case, contacts AR and AL operate the 
quick-raise contactor QR or quick-lower 
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Figure 9. Woltage and current regulator con- 
nections used with synchronous condenser 
control 


contactor QL, as the case may be. 
These contactors energize the antihunt 
coil QH and also switch the field forcing 
or field reducing resistors into the cir- 
cuit. In the event of a demand for 
quick raise, QR de-energizes the dif- 
ferential field also. 

The current regulating coil is effec- 
tive during moderate overcurrent condi- 
tions and also during fault conditions of 
extended duration. Normally the time 
delay relay 90CX is energized and holds 
the multicontact relay 90CZ up. This 
holds open the shunt around current ele- 
ment contact CR in the circuit to con- 
tactor NR and allows this current ele- 
ment contact to be effective. Likewise, a 
contact of 90CZ is held closed to make 
the current element lowering contact ef- 
fective. The arrangement of the cur- 
rent element contacts is such that the 
demand for a raise in excitation is 
blocked if the current element finds that 
full load current is being exceeded. If 


Brown—Synchronous Condensers 


EXCITER POSITIVE 


Ped 
, mera 
a 

VS? & |we 
tO gy | fe) re 
FE fay F = 
ynwn wy tp) (Oye!) 
On Eu = xx 
Ow OL ie jw 
a ae (qe | eee 
in) sas ee ee 
Oz = sa 
20 qt a te 
ee < w 
; ie cy 
rom) [ay 

3 a 

aa a 

io < < 

= 


x MOTOR OPERATED RHEOSTAT 


FIELD REDUCING 
RESISTOR 


EXCITER NEGATIVE 


TO SYNCHRONOUS 
CONDENSER 


current is high enough to demand re- 
duction, the current element contact CL 
operates the motor-operated rheostat to 
lower the excitation. 

During faults, the instantaneous over- 
current relay 90CY picks up, de-energiz- 
ing relay 90CX, causing it to drop out. 
When 90CX, which is a magnetically 
damped induction-disk voltage relay, 
returns to its reset position, it closes its 
back contact and picks up relay 90CZ to 


put the current regulator in service © 


again. Thus no attempt is made to 
regulate current or interfere with the 
operation of the voltage regulator during 
fault unless the fault remains on for an 
extended time. 

The lockout and annunciator scheme 
is shown in Figure 10. The faults de- 
manding lockout operate contacts that 
energize device 86. This is a manually 
reset relay which, when ‘electrically 
tripped, closes its contacts and maintains 
them closed until it is reset. Its contacts 
drop out relay 4, energize the trip cir- 
cuits of the various breakers, and set up 
the alarm circuit. Those conditions 
which require annunciation only, operate 
relay 30X, which is also a manually re- 
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alarm and lamp. In this circuit, the 


Ss. 
bell and the lamp will be. cut off when 86. vol age ‘of the fis in ach 4 we 
a and 30X are reset. 
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when trouble is being located, the bell 
alarm may be cut off by picking up relay 
30Y with a bell cutoff push-button, leav- 
ing the lamp lighted. Subsequent re- 


' setting of 86 or 30X will put out the lamp 


and drop out 30Y to re-establish the bell 
alarm circuit. There is also the provision 
that the bell will ring if it has been cut 
off with the push-button following the 
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operation of one relay, say 86, and the 
other operates, in this case 30X. A 
break-contact of 30X in the coil circuit 
of relay 30Y is adjusted to open just as it 
begins to pick up, and it drops out relay 
30Y. After relay 80X closes its make- 
contact, relay 30Y may be picked up 
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Figure 10. Annunciator schematic diagram 
showing alarm circuits and lockout relay 


operate relay 14Z. At standstill, a voltage 
is obtained from the field-discharge resistor 
that is equal in frequency and magnitude 
to the voltage received from the bus po- 
tential transformer. It may have any 


ANNUNCIATOR 
AND TRIP 
CIRCUIT 


Figure 11. 


Locked rotor protective relay 
connection diagram 


phase relation with this potential, how- 
ever, and may or may not pick up relay 
14Z. As the rotor begins to turn, the 
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period when ‘the rotor sho 
tating, it is vibrating, alte: 
ing and closing its cont: 

to the coil ae ect 14. 


fail to energize ray 14X1 befo re it 
drops out, relay 14 will set up the circuit 
to the lockout relay to shut down the 
starting sequence. 

The stopping sequence bere with the 
de-energization of relay 4. Back con- 
tacts of relay 4 trip the line breaker, and 
if the starting sequence is incomplete, 
they will trip the starting breaker. When 
the line breaker comes out, it trips the 


running breaker, and the running breaker | 


trips the field breaker. The field breaker 
shuts down the exciter by tripping the 
exciter motor breaker. The voltage 
regulator runs to the start position after 
the running breaker opens. The cool- 
ing-water valve motor runs to the close 
position when relay 4 drops out. 
Emergency stopping does not oe 
sequential tripping. All breakers are 


: 


tripped simultaneously by 86 and relay 4 


is de-energized. 
Conclusions 


The operating complications involved 
in placing a synchronous condenser on a 
line demand that a certain portion 
of the control sequence be automa- 
tic. It is of practical advantage to 
design the sequence so that it is en- 
tirely automatic, allowing the user the 
choice of manual push-button control, 
remote supervisory control, or full 
automatic control. 

Protective devices can be provided to 
protect against any contingency, and 
these devices either may sound an alarm 
to indicate an abnormal condition re- 
quiring attention or can lockout the ma- 
chine in the presence of a dangerous con- 
dition. 
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Electronic 


Synopsis: The proper register for multi- 


color printing, that is, the printing of as 


many as five colors on top of one another 
to the required accuracy of a few thou- 
sandths of an inch, has been successfully 


_ solved by the use of phototubes and asso- 


ciated electronic equipment. In the system 
described, the electronic portion extends 
all the way from the phototubes to the 
thyratrons which supply the required 


_, current to energize the correcting motor 


i 


2 ¢ - 
 stallation is shown in Figure 1. 


4 
J. 


+ 


armature in the proper direction and at the 
speed for correct register. A typical in- 


_ The Problem 


wy 
aD 
f 


HE NUMBER of copies of each issue 
of present day popular magazines 
runs into the millions, and the only prac- 
tical way to print such a large number of 


copies is by means of a continuous web 


press. This means that the colored illus- 
trations must be printed on large roto- 
gravure presses in which the paper speed 
may be as high as 1,000 feet per minute. 
At this high speed each color, in turn, 
must be printed, then dried while in mo- 
tion so that it will not smudge as the next 
color is printed. This wetting and drying 
of the paper causes shrinkage and stretch- 
ing which differs with each individual roll 
of paper, depending on its composition 
and the amount of latent moisture pres- 
ent. The paper often moves 30 to 40 
feet through the drying section before it 
reaches the next impression cylinder. 
Also if a printing cylinder is even a few 
thousandths of an inch over- or under-size, 
the tension between stands will differ 
greatly. A typical press and control are 
shown schematically in Figure 2. 

A particularly critical situation occurs 
when a “‘flying paste” is made from the 
end of one roll to the beginning of the 
next. As the splice passes through each 
succeeding section of the press, the ten- 
sion drops to a low value, and the critical 
tension balance necessary for correct 
register is completely lost. If no correc- 
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tion is made, as many as 300 copies might 
be spoiled before the correct tension bal- 
ance is regained. 

Before the application of electronic 
control, the most usual way to check 
register was by means of a battery of 
control handwheels located at the folder. 
At intervals the pressman would draw a 
cut-and-folded copy from the outcoming 
stream and unfold it to be scanned for 
evidence of misregister. He then would 
make the proper corrections by turning 
the appropriate handwheel the amount 
necessary as judged from long experience. 
Even though the pressman was continu- 
ally in motion as many as 50 copies might 
be spoiled before the correction could be 
made. 

Needless to say, holding register manu- 
ally has never been a pleasant job, particu- 
arly if the paper has not been per- 
mitted to season, that is, to remain in a 
special storeroom long enough for every 
roll to attain the same conditions of 
temperature and humidity. No attempt 
was made to hold register through a splice, 
and it was usually assumed that all 
copies printed during acceleration or 
deceleration of the press would be spoiled. 


Fundamentals of the 
Electronic System 


The first fundamental requirement of 
the electronic control is to check each 
printing cylinder after the first to find if it 


Figure 1. At each 
printing cylinder the 
web scanning head 
at right and the cyl- 
inder scanning head 
at lower left feed 
signals to the mixing 
panel at top. This 
determines proper 
operation of the cor- 
recting motor at 
lower right 
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is in the correct position to lay its im- 
pression exactly upon the previously | 
printed one. Next, when an error has © 
been found, means must be set in motion 
to correct the error. Since the accuracy 
of register must be within 0.003 inch to be 
acceptable, it will be seen that the system 
must respond to signals as short as 
0.00001 of a second, or ten microseconds, 
if satisfactory operation is to be ob- 
tained. A complete electronic system is 
the only practical solution. 

The second requirement is to apply 
power to the correcting motor, as indi- 
cated by the amount of error found. Al- 
though other means could be used to ac- 
complish this function, electronic circuits 
using thyratrons eliminated noisy mov- 
ing parts which, at the large number of 
operations required, would present a seri- 
ous maintenance problem. 


THE ERROR DETECTING EQUIPMENT 


In order to detect the error, we must 
have a standard indication of the position 
of the paper at any instant and the posi- 
tion of the cylinder at that same instant. 
Along a margin of the paper where it can 
be trimmed off, or placed in the fold, are 
printed a series of register marks in the 
first color to be used. This is usually 
yellow. Typical marks are 0.020 inch 
in the direction of paper motion, and 
about one half inch across. Although a 
mark only one fourth inch long is needed, 
the extra length permits greater latitude 
in lining of the paper and in correcting 
side lay or side register. These marks are 
equally spaced, as seen in Figure 3, usu- 
ally 16 to the cylinder circumference. 
While fewer marks can be used, the larger 
number permits greater correction speed 
and thus higher accuracy and more 
nearly perfect copies. 

As this thin yellow mark arrives near 
the succeeding cylinders for printing of 
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the other colors, its presence is detected by 
a phototube in the web head through an 
optical system which produces the effect 
of a very narrow slit, only a few thou- 
sandths of aninch wide. Adark blueglass 
filter provides a much better contrast be- 
tween the yellowmarkand the whitepaper. 

The indication of the passage of the 
mark in front of the phototube leaves the 
web head in the form of a square wave of 
voltage of very short duration. 


DETECTING THE CYLINDER POSITION 


Likewise, the position of the printing 
cylinder must be found so it can be 
checked against the relative position of the 
web. The basic indicating element is a 
disk or drum which contains the same 
number of axial slits as there are register 
marks on the first printing cylinder. A 
typical disk is ten inches in diameter, 
and the slits are one fourth inch wide. 
They are laid out so that the trailing 
edges of the slits are spaced very accu- 
rately around the circumference, as seen in 
Figure 4. The indicating point is not the 
whole slit but the trailing edge. An op- 
tical system directs light through this slit 
to a stationary slit before a phototube. 
The phototube and optical system can be 
moved around the drum to allow for set- 
ting up and for adjustment. The signal 
sent from this cylinder scanning head is 
a square voltage wave much broader than 
that from the web head, but which has a 
very accurate and abrupt trailing edge. 


THE MIxInGc PANEL 


The mixing panel, mounted on the 
press near each cylinder, may be consid- 


Figure 2. Schematic drawing of a multicolor 
gravure press with photoelectric register control 


1. Cylinder register scanning disk 

2. Cylinder scanning head 

3. Web scanning head 

4. Selector switch unit 

5. Impulse comparison controller with ‘magic 
eye 


6. Main controller 
7. Register adjusting pilot motor 
8. Push button stations for manual adjustment 


ered the nerve center of the register 
equipment. Here the signals from the 
web mark and the cylinder disk slits are 
checked against each other and the 
proper correction action is initiated. For 
correct register, the cylinder disk photo- 
tube is moved until the trailing edge 
voltage change splits exactly the signal 
received from the 0.020 inch web mark. 
When this occurs, the correction circuit 
is balanced and no corrective action 
takes place. However, should the edge 
arrive even a few microseconds earlier or 
later than the midpoint of the mark, the 
difference is detected in the mixing panel, 
and the proper correction action is 
started. This comparison is made by 
charging one small capacitor as a result 
of the presence of the mark signal before 
the edge arrives, and charging a second 
capacitor after its arrival. These two 
charges then are compared and the 
difference is stretched out in time and 
amplified to apply the necessary correc- 
tion. This correction signal, in the form 
of a small current of a few milliamperes, 
leaves the mixing panel in one of two 
leads, depending on which direction the 
correction is to be made. Perhaps the 
schematic drawing of Figure 5 will assist 
in clarifying the mixing panel action. 

Since at this point the correcting motor 
control signal is at a low power level and 
in a low impedance circuit, it provides an 
ideal place to insert the push button 
stations desired for manual control of the 
correcting motor during setting up. 

The mixing panel also contains an in- 
dicator ‘‘magic-eye’’ tube to assist the 
operator in setting up the panel and ob- 
taining the original register adjustment. 


Tue Motor POWER PANEL 


Now that the correction signal has 
been obtained, it remains only to amplify 
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energy for the Gortectads eantare Th ese | 
correcting motors are usually d-c shunt 
gear-motors of about one half horsepoy 
rating. They may operate differentials | 
to change the relative position of the | 
printing cylinders or may move the usual 
compensating rolls up and down. 
The motors are run with full do 
strength to obtain maximum torque and 
fastest correction. The motor fields — 
usually are fed from a common rectifier _ 
using phanotron tubes. The motor 
armatures are fed from 60-cycle alternat- 
ing current through a pair of inverse- 


parallel thyratrons. Since the thyratrons — 
are controlled rectifiers, if the first thyra- 
tron conducts a pulsating direct current, 
current flows through the motor arma- 


ture in one direction. However, if the 
second thyratron conducts instead, the 
current flows through the armature in 
the opposite direction and opposite rota- 
tion is obtained. An iron core reactor in 
series with the motor armature smooths 
out the current and prevents excessive 
armature heating. 

The only thing now required is a con- 
necting link between the correcting signal 
from the mixing panel and the thyratron 
grid. This is supplied in the form of small 
saturable reactors in a bridge circuit 
which changes the phase of the grid. 
These reactors, of course, are saturated 
by the direct current from the mixing 
panel to regulate the grid phase as re- 
quired. Figure 6 shows a complete motor 
control cabinet. 


The Electric Circuit 


Now that we have obtained a bird’s-eye 
view of the operation of the equipment, 
let us retrace our steps and see the elec- 
tric circuit used to obtain these results. 
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Figure 3. The register marks along the edge 
of the sheet usually are printed yellow and are 
almost invisible to the eye 


THe WEB SCANNING HEAD CIRCUIT 


The web head consists of an 
automobile headlamp-type bulb and an 


optical system to flood the path of the 


register mark with an intense spot of 


light at the point where the phototubes 
must scan it. An optical system picks up 
the light from the mark and conducts it 
to the slit in front of the phototube, and 
the blue glass filter, mentioned previously, 
provides a more positive light change. 

Because the change in light on the 
phototube as the mark passes is so ex- 
tremely small and so rapid, it is necessary 
to use an extremely sensitive amplifier to 
provide a signal sufficiently strong to be 
transmitted to the mixing panel. A two- 
stage amplifier is used, and if the signal is 
to be transmitted for a considerable dis- 
tance, a third tube as a cathode-follower 
is included. The tube chassis must be 
shock mounted to prevent the vibration 
of the press from causing bad microphonic 
disturbances. Figure 7 shows the chassis 
removed from the web head. 

Although there are no arcing parts in 
the head, it always is made dustproof and 
when conditions require, explosion-proof. 


CYLINDER SCANNING HEAD 


Since the slits in the cylinder reference 
disks or drums permit operation on direct 
light transmission rather than by reflected 
light, a single stage of amplification is 
sufficient to provide a satisfactory signal 
of the passage of the slit. Here again, 
however, if the signal must be transmitted 
a long distance, the cathode-follower tube 
should be added. 

A special feature of the cylinder scan- 
ning head is the mounting of the optical 
system and amplifier chassis. These are 
mounted on a radial arm which is pivoted 
at the cylinder axis so that the complete 
system can be swung around the disk in a 
limited arc. This is provided to obtain 
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Figure 4. Cylinder 
scanning head show- 
ing slits in disk, lamp 
in center and photo- 
tube at top 


Vernier adjustment 
motor is at upper 
right. (View taken 
during test with 
covers removed) 


proper register in setting up the equip- 
ment and for the vernier control of regis- 
ter during operation. The arm is moved 
by a small reversible adjusting motor 


PILOT MOTOR THYRATRONS 


which is controlled by push buttons at 
the folder. 

Although only about one half inch of 
each drum slit is required for operation, 
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Figure 5. Schematic drawing to show the principle used to check register and to indicate 
the correction to be made 


A. As impulse comparator evaluates the combined impulses from two phototubes 
B. Photoelectric register control on four color press—one of four or more units shown 
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Figure 6. Motor control cabinet 


There are three motor control panels at 
center, a spare panel at top, and the two 
rectifiers on the lowest panel 


~=_MOVEMENT OF 
DISK SLIT 


Figure 8. The action of the disk signal am- 
plifier and phase-inverter 


The wave shapes of the incoming and out- 
going signals are shown also 
e represents the instant that the trailing slit edge 
passes 
Inserts are voltage wave forms 
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it is made much longer to permit the cyl- 


inder to be adjusted along its axis for best 
side-lay or register. This side register ad- 
justment is usually a manual operation. 

In some press installations a master 
cylinder scanning head is used rather than 
one at each printing cylinder. In this 
case the master unit is mounted on the 
main drive shaft, and optical systems for 
each color are located around it. 

A single master cylinder scanning head 
permits a more compact installation than 
the separate heads, particularly when ex- 
plosion-proof equipment must be fur- 
nished, but it can be used only with the 
compensating-roll type of correction. 


MrxinG PANEL Circuits 


The mixing panel must perform a num- 
ber of functions. Let us take them up 
one at a time. 

The incoming signal from the disk or 
cylinder scanaing head is in the form of a 
square voltage wave which corresponds 
to the passage of the slit. In order to 
minimize the number of false operations 
due to random ink spots or paper blem- 
ishes, the region of active operation is 
limited to a fraction of an inch on each 
side of the correct register point. The 
signal from the slit provides a convenient 
live zone ahead of the correct point, while 
a similar active period after the slit has 
passed is obtained by means of a simple 
multivibrator circuit which uses grid rec- 
tification to charge a small capacitor 
during the slit passage to stop conduction 
in the trailing tube for a corresponding 
period. This twin triode also acts as a 
phase inverter. That is, one anode ceases 
to conduct during the time of the first 
active period, and then the second anode 
ceases conduction during the second 
active period. Figure 8 shows this cir- 
cuit in simplified form. 

The next step is that of comparing the 
disk head signal with that from the web 
head, This is done by means of the num- 
ber one grid and number three grid of a 
pentode tube. Since the grids of a pen- 
tode act as valves in series, if either grid 
is sufficiently negative with respect to the 
cathode, there will be no current flow in 
the tube. The action is as follows: Two 
pentode tubes are used. The number one 
grid of both tubes normally is held nega- 
tive, but rises to cathode potential when 
the marks on the web pass the phototube. 
But no current can flow unless the num- 
ber three (suppressor) grid is also at 
cathode potential. These grids are con- 
trolled by the output of the two anodes 
from the twin-triode phase inverter, 
which cease conduction respectively be- 
fore and after the register point. Thus, 
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Figure 7. The web scanning head chassis 


The small change in phototube current 
due to the passing register mark is amplified 
by the two pentodes at the right. The tube 
panel is isolated from press vibration by the 
three rubber mountings seen behind the tubes 


one pentode conducts when the mark is 
passing and the slit is passing at the same 
time. The second pentode conducts if 
the mark passes for a short time after the 
slit has passed, as determined by the 
timing circuit. If the mark passes ex- 
actly in register, the first pentode will con- 
duct while the first half of the mark is 
passing, and the second half passing after 
the slit will permit the second pentode to 
conduct. 

If the mark does not appear, there will 
be no conduction in either tube and no 
correction made. This is important, for 
it means that if the mark does not print, 
the correcting action ceases, but there 
will be no false correction as in some 
systems. 

The mixing circuit and typical wave 
forms are shown in Figure 9. Both the 
twin-triode and the pentodes are oper- 
ated from cutoff to saturation and thus 
act as limiters to produce uniform voltage 


Figure 9. The circuit and wave forms of the 
pentode-tube mixing circuit 
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c anges at the output. From the output 
of the pentode we now have signals which 
indicate the direction required for the 
correction, and by their relative duration, 
indicate the amount of correction needed. 
_ The final function of the mixing panel 
is that of stretching out the fast micro- 
second pulses of the pentode output to a 
time sufficient for operation oi the cor- 
_recting motor. This is done by means of 
2 ‘ small capacitors which store the energy 
presented to them at each mark passage 
and permit it to leak off at a rate slow 
enough to permit motor operation to 
take place. This pulse-stretching circuit 
_ is shown in Figure 10. 
_ Each time one of the two pentodes 
conducts, its corresponding capacitor be- 
gins to charge through the small rectifier 


_ tube. The capacitor charge next is amp- 
_ lified by a triode tube, and the output of 
_ this tube is passed on to the motor panel. 
. At this point, the action may be sum- 
marized thus. If the trailing edge of the 
disk slit passes at the same instant as the 
midpoint of the register mark, equal 
direct current will flow from the two 
 triodes at the output of the mixing panel. 
If the register mark passes somewhat 
_ early so that there is an excess of mark 
before the slit edge passes, there will be 
a larger current in one triode, or if the 
register mark arrives late, there will be a 
larger current in the second triode output. 


Tue “Macic-Eyr”’ INDICATOR 


In addition to the control circuit, the 


— mixing panel also has an auxiliary circuit, 


consisting of a twin triode and a double 
““magic-eye’” tube which permits a visual 
indication of whether the register is bal- 
anced or is off in either direction. This 
circuit also is fed from the small pulse- 
stretching capacitors. If the mixing 
panel is mounted remote from the press, 
the indicator tubes may be mounted at 
the folder. 


ManuaL Push Burron CONTROL OF 
CORRECTING MOTORS 


On its way to the motor control panel, 
the output of the mixing panel passes 
through the push button stations used for 
manual control of the correcting motor. 
These push buttons are used principally 
for setting up the work at the beginning 
of a run. When they are operated, the 
circuit from the mixing panel is broken, 
and direct current from a separate source 
is fed into the motor-panel circuit to 
operate the motor in the desired direction. 


MoTor PANELS 


For convenience, the motor panels 
usually are assembled together in a large 
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R| GAF6-G 
INDICATOR 


Figure 10. The correction signal pulse- 

stretching circuit, the output triode amplifiers, 

and the “magic-eye” indicator (6AF6-G) 
tube circuit 


Assuming register mark center arrives before 
slit edge 


FROM 
MIXING 
PANEL 


250V 
FIELD 


SATURABLE 
REACTOR 


Figure 11. The power circuit and the grid 
control circuit for the correcting motor 


The motor field is supplied from the common 
rectifier 


+ 

fo} B 

+ 

0 Cc 

te 

fo) D 
VOLTAGE ON MOTOR ARMATURE 


Figure 12. Representative wave forms of 

voltage applied to the correcting motor 

armature under various conditions of register 
error 


A—Balanced, no motion 
B—Forward slow 
C—Forward fast 
D—Reverse slow 
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floor-mounted cabinet. This cabinet 
also contains the common rectifier supply 
for the motor field and a rectifier to sup- 
ply the mixing panels. A tap also is taken 


off this second rectifier supply for the 


push button operation. Each motor 
panel is complete in itself with jack and 
plug connections for all leads. In some 
installations, a spare motor panel is in- 
cluded in which the thyratrons are kept 
at operating temperature so that should 
a tube failure occur, the spare panel may 
be substituted for the inoperative circuit 
and a minimum of time lost. 

The armature circuit consists of a re- 
actor in series with the armature and the 
two inverse-parallel thyratrons which are 
used to produce the reversing action of 
the armature. Each thyratron has its 
own grid circuit which consists of a 
center-tapped transformer feeding a satu- 
rable reactor-resistor bridge, as shown 
in Figure 11. Since the a-c and d-c wind- 
ings of the saturable reactors are elec- 
trically separate, the motor circuit is in- 
sulated from the control circuit coming 
from the mixing panel. 

In operation, a larger current flowing 
in the d-c winding of the saturable 
reactor decreases its reactance, and 
the grid of the thyratron is phased for- 
ward. This permits the thyratron to 
conduct earlier in the cycle, and more 
current flows through the motor arma- 
ture. The mixing panel circuit is so de- 
signed that, when register is correct, suf- 
ficient current will flow into the saturable 
reactors of each of the thyratron grid 
circuits to cause both thyratrons to con- 
duct for approximately one-quarter cycle. 


- The opposing currents balance in the 


motor armature so that it does not rotate 
but vibrates slightly at 60 cycles. How- 
ever, when the register is out by even a few 
thousandths of an inch, the current to the 
reactors is unbalanced so that the thy- 
ratron currents are not balanced and the 
motor moves in the direction determined 
by the larger current. The shape of the 
voltage wave applied to the motor for 
various conditions is shown in Figure 12. 

When the controlling current is com- 
pletely unbalanced, that is, when the 
register marks arrive completely before 
or after the disk edge arrives, full cor- 
recting motor speed is obtained. This is 
reduced to zero as the slit edge intercept 
comes nearer to the center of the register 
mark, Antihunt circuits in the mixing 
panel prevent overshooting. 


Aids for Maintenance and Repair 


In the printing business it especially is 
important that production schedules be 
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Figure 13. Mixing panel with cover removed 


This shows “‘magic-eye’’ indicator tube at top, 

milliammeter jacks at left-center, test ter- 

minals at center, and connecting leads 
plugged in at bottom 


met. Therefore, even short delays in 
press operation are serious. It has al- 
ready been mentioned that the motor 
panels are provided with plug and jack 
connections and that sometimes a spare 
motor panel is added and kept warmed up 
for instant substitution without the delay 
of even the five minutes needed to pre- 
heat the thyratron cathodes. Although 
there are no moving or wearing parts on 
the web and disk scanning heads, or on 
the mixing panel, all of these are also 
provided with plug and jack connections, 
and a spare of each is often kept on hand 
for substitution whenever needed. 

To assist in preventative maintenance 
and trouble shooting, milliammeter jacks 
and test terminals are located on the mix- 
ing panel, as seen in Figure 13. The 
milliampere readings of the output to the 
motor panel permit a quick checkup of 
the over-all mixing panel operation, while 
the test terminals permit key potentials 
to be seen on a cathode-ray oscilloscope 
to check the operation of the two scan- 
ning heads and the internal circuits of the 
mixing panel. To the experienced oper- 
_ator the characteristic flicker of the 
“magic-eye” indicator tube can convey 
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ment operation with — 


a Mere 
Figure 14. Preven- — 
tative maintenance — 


Checking the equip- 


a small cathode ray 
oscillograph 


much information about the over-all 
operation of the equipment. 


Putting the Equipment 
Into Operation 


In conclusion, let us follow the press 
operator as he puts the register equip- 
ment into operation when starting a new 
run on the press. The inkwells are filled, 
the paper is threaded, and the backing 
tolls are let down. The first copies com- 
ing off the folder look very little like the 
finished product, but if the press crew is 
experienced, the register will be within a 
fraction of an inch correct on all colors. 
Standing at the folder with a copy in 
front of him, the head pressman then 
presses the proper push buttons oper- 
ating the one half-horsepower correcting 
motors to bring the cylinders into ap- 
proximate register with the first color, 
usually yellow. First the red impression 
from the second cylinder comes into line, 
next the blue, and finally the black from 
the last cylinder. 

The press is then run up to a moderate 
speed so that the normal tension in the 
web is obtained, and the register is again 
checked and corrected by the push but- 
tons. The register may now be assumed 
to be good enough to be placed on the 
automatic operation. To do this the 
pressman first operates on the red cyl- 
inder disk scanning head, and moves the 
scanning head arm until register is ob- 
tained as indicated by the ‘‘magic-eye”’ 
operation, indicating a balance of the 
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mixing panel output. He then throws the 
switch to automatic, and the red is locked _ 
in step with the yellow. He then ‘oe 
this process on the blue and on the black 
cylinder. Finally he returns to his nor- — 
mal station near the folder and checks © 
the outcoming copies. Probably during © 
the tithe he has been away the register _ 
has crept off a few thousandths. He now — 
brings this back into accurate register by — 
again operating the small reversible ad- : 
justment motor on the disk head optical — 
system. Operation of the push button — 
controlling the correcting motor at this — 
time will have no effect because the auto- 
matic operation immediately would bring 
the register back to the previous setting. 

After these refinements have been 
made, the register is locked in step in the 
correct position and will hold this through 
wide changes in press speed, through 
splices, and through the many differences 
in paper which may be found, such as 
tension, humidity, surface conditions, and 
others. 


| 
| 
i 
| 
: 
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Conclusion 


It was said in years gone by that only 
one copy in 25 was perfectly registered. 
With electronic register control, fewer 
than one in 25 will be found which are not 
perfectly registered. Electronics has pro- 
vided a quiet, precise method for holding 
register. Since there is no wear of critical 
parts the high accuracy which can be ob- 
tained will continue throughout years of 
untiring service. 
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_ £PONSIDERABLE progress has been 

madein recent years in the design of 
marine control equipment. Under the 
impact of the war, the performance of 
controllers has been improved and better 
equipment of lighter weight has been 
made available. It is the purpose of this 
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important bearing on the controller per- 
formance. 


NUMBER OF STARTING STEPS 


The current surges during starting of a 
motor depend primarily upon the number 
of starting steps and the regulation of the 
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of starting steps and approximate maxi- 
mum current surges for various motor rat- 
ings. 

Further reference to Figure 1 indicates 
that the starting current surge is made 
higher for the low armature speeds than 
for the high armature speeds. This is 
done because the average motor can com- 
mutate current surges better at low speed 
than at high speed, a fact which is well 
illustrated in Figure 2. : 

This oscillogram shows a starting test 
with a standard 3-horsepower 250-volt 
motor connected directly across the line 
without a resistor step. Commutation 
was fairly good at low speed even though 
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paper to discuss some of the more im- 
portant design features on which the con- 
troller performance is based. 


Controller Components 


The function of a motor starter is to 
connect the motor across the line without 
excessive disturbance to the motor or the 
power supply. The simpler the equip- 
ment used for this purpose, the more satis- 
factory, in general, it will be in service. 

There are a great variety of motorstart- 
ers, ranging from the simple manual line 
starter to the more complex magnetic con- 
troller. Different methods of automatic 
acceleration are used with the number 
of starting steps varying to suit the appli- 
cation and rating of the motor. Other de- 
sign features, such as overload protection 
and. selection of resistors have an equally 
Paper 462127, recommended by the AIEE com- 
‘mittee on marine transportation for presentation at 
the AIEE summer convention, Detroit, Mich., 
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Figure 1. Schematic diagram and current 
surges for various numbers of starting steps 


motor. This relation can be solved 
mathematically but perhaps is more 
clearly illustrated in Figure 1 from a typi- 
cal shunt motor with 10-per-cent speed 
regulation and a constant torque load of 
100 per cent. 

On closing the line contactor M, the 
armature current increases from 0 to M. 
As the motor accelerates, this current de- 
creases to one, at which point the acceler- 
ating contactor 1A cuts out the starting 
resistor and connects the motor across the 
line. For multistep starters, this process 
is repeated by operating accelerators 14, 
2A, 3A, 4A, and so forth, in sequence 
until the starting sequence is completed. 

Figure 1 illustrates clearly that the 
starting current surges can be reduced by 
increasing the number of steps. This fact 
is taken into consideration by providing 
more steps for large motors than for small 
motors. Table I shows standard number 
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the current inrush was about 1,300 per 
cent. At approximately full speed, how- 
ever, the motor flashed over, although the 
current had decreased to about 750 per 
cent. 

Of additional interest is the fluctuation 
of the field current J, during the starting 
of the motor, This current suddenly in- 
creased several hundred per cent, which 
indicates a pronounced weakening of the 
flux due to the armature reaction. The 
subsequent dip of J, below the normal 
value is due to the line voltage disturb- 
ance caused by the short circuit. 

Applications with high inertia loads 


Table |. Number of Starting Steps and 
Maximum Current Surges for Various Motor 
- Ratings 
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such as fans and oil purifiers are more 
critical and possibly should have more 
starting steps to keep down the current 
surges. 


METHODS OF STARTING OF MOTORS 


Various methods are available for 
starting of motors, namely— 


(a). Manual starting. 

(b). Counter-electromotive force starting. 
(c). Current limit acceleration. 

(d). Definite time acceleration. 


Manual Starter. This type of ‘starter 
undoubtedly provides the simplest means 
of starting a motor. It is particularly 
suitable for motors up to one half of one 
horsepower where the stalled armature 
current does not exceed 1,000 per cent. 
Sometimes it is provided with a starting 
step for use with motors up to five horse- 
power. In such cases, the operating lever 
may be equipped with a mechanical offset 
to make the operator pause on the start 
position before going to the run position. 


START STOP 


Ma 
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In general, it is not desirable to handle 
large currents with manual controllers 
since there is no assurance of positive con- 
tact movement, which is essential for 
satisfactory operation. 


Counter-Electromotive Force Starting. 
This method measures the armature volt- 
age and cuts out the starting resistors 
when this voltage has reached a prede- 
termined value. A schematic diagram, 
which is self-explanatory, is shown in Fig- 
ure 3. 

The counter-electromotive force starter 
is somewhat critical in its adjustment and 
can be used only for single-step starters. 
Figure 1A shows that the accelerating 
contactor 1A has to be adjusted to operate 
at 70-80 per cent in order to avoid an ex- 
cessive current surge when it closes. With 
possible line voltage drops of 20 per cent 
this setting is rather critical, particularly 
if the pull-in voltage is increased due to 
heating of the magnet coil. 

Multistep starters of the counter-elec- 


Figure 4 (left). 

Starter diagram with 

current limit accel- 
eration 


Figure 5 (right). Ac- 
celerating contactors 
for current limit or 
definite time accel- 
eration 
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_ power 250-volt Shine 


Figure 3. Blais! diagram with ec 
electromotive force ace eleration 


tromotive force type would require eve 
higher setting of the last accelerat 


tactor as shown in Figure 1B, which makes _ 
use of the counter-electromotive fore eS 


method for multistep starters impractical. 


Current Limit Acceleration. This 
method is suitable equally for starting 


low and high inertia loads and will bring 
the motor up to speed in a minimum of — 
A one-step starter of this type is | 


time. 
shown in Figure 4. 

The accelerator 1A is of the spring” 
closed type and has a main winding 1A 
to close the magnet and a holding wind- 
ing 14, measuring current. See Figure 
5. Depressing the start button first will 
insert the starting resistor and then 
close the line contactor M. As the 
motor accelerates and the current de- 
creases, the holding coil 1A, will let go 
and close contact 14, thereby connecting 
the motor across the line. 

The accelerators are calibrated usu- 
ally to operate at about 135 per cent 


current so as to make sure that they - 


function when starting heavy loads. 
Thus the current surges will be somewhat 
higher than indicated in Figure 1. 


Definite Time Acceleration. Definite 
time starting probably is the most prac- 
tical method of bringing a motor up to 
speed. It includes one or more acceler- 
ators adjusted to function in predeter- 
mined time intervals. A single-step 


starter is shown in Figure 6. 

The accelerator or “‘timetactor’’ oper- 
ates on the basis of the well-known and 
reliable flux decay principle and is shown 
in sizes of 100 and 300 amperes in Figure 
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Figure 6. Starter diagram with definite time 
acceleration 


- §. In general, the time starter is identi- 
cal to the controller of Figure 4 except 


that the accelerator is connected to ob- 
tain a fixed time instead of measuring 
current. Time adjustment is obtained 
by changing the current in the neutraliz- 
ing winding 1A y. 

_ There is, of course, the problem of 
selecting the proper time adjustment for 
the timetactors, so that the motor can 
accelerate without excessive current 
surges. This, however, should not be too 


difficult a task since starting conditions 


for the various ships’ auxiliaries are well 
known and it is therefore a simple matter 
to adjust the accelerating time slightly 
longer than needed to obtain minimum 
current surges. Definite time starters 
can be tested and adjusted very readily 
with the motor disconnected and there- 
fore have a decided advantage from a 
maintenance point of view. 


SPEED CONTROL 


The speed of a d-c motor may be con- 
trolled by varying the armature voltage 
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or the strength of its field. Motors be- 
low five horsepower used for hull ven- 
tilation sometimes are provided with 
armature speed control in order to reduce 
the motor size. This gain, however, is 
practically offset by the increased size 
of the controller which has to absorb the 
resistor loss as shown in Figure 7. 

In most cases, the motor speed is 
changed by varying the shunt field. 
Motors with speed changes of two to one 
or less have sufficient starting torque to 
permit. good starting with weak field. 
The torque tests shown in Figure 8 were 
made, with a 20-horsepower 230-volt 
motor of 600/1,800 rpm and a speed 
regulation of 20 per cent at the high 
speed. It is interesting to note that the 
flux weakening due to armature reaction 
is practically independent of the speed 
setting as evidenced by the bending of 
the three curves at 300 per cent load. 

Controllers for motors with speed 
ranges greater than two to one are pro- 
vided with a field relay in order to avoid 
too long an accelerating time particularly 
when used with fans of high inertia. 
The field relay is usually of the fluttering 


type. 


OVERLOAD PROTECTION 


Each motor is provided with overload 
and short circuit protection. In line 
with well-established practice the overload 
relay is made part of the controller, 
while short-circuit protection in form of 
feeder breakers is located on the dis- 
tribution board. 


Protection of Continuously Rated Motors. 
Overload protection of these motors is 
usually obtained by means of a thermal 
relay set at 115 to 125 per cent of full 


6:27 2 


Figure 8. Starting 
torque of typical 20- 
horsepower 230-volt 


adjustable - speed 

shunt motor for dif- 

ferent excitation and 
armature current 
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Figure 7. Resistor loss for armature speed 
control 


load. Its time constant should be long 
enough to permit starting of the motor 
without tripping even though the start- 
ing time is long and the current surges 
are high. 

In view of the high ambient tempera- 
tures encountered in engine rooms, the 
thermal overload relay is usually of the 
compensated type, that is, its calibration 
is made practically independent of the 
room temperature. Experience has 
shown that the noncompensated type is 
liable to trip under normal operation, 
thereby seriously interfering with the 
operation of the ship. A compensated 
overload relay is shown in Figure 9. It 
is provided with a special bimetal that 
corrects for changes in room tempera- 
ture and thereby maintains the calibra- 
tion practically constant. 


Protection of  Intermittently Rated 
Motors. There is a great deal of con- 
troversy as to whether overload protec- 


Figure 9. Compensated thermal overload 
relay for a-c and d-c applications 


TRANSACTIONS 625 


MOTOR TEMPERATURE 
RELAY TEMPERATURE 


MOTOR AND RELAY TIME CONSTANTS 


_ ARE THE 
SAME HERE 


BUT DIFFERENT 
HERE 


TEMPERATURE RISE ——>- 


Figure 10. Heating curves showing inability 
of thermal overload relay to follow winding 


t t f intermittentl erating motor 
emperature of intermittently op g Fisate! 41Variotes 


types of resistors 
tion of intermittent motors by means of a 
thermal relay is practical. It is admitted 
that in order to be satisfactory such a 
relay should have the same time con- 
stant as the motor, that is, their tempera- 
tures should vary at the same rate when 
subject to various heating and cooling 
cycles. 

This is a condition that is most difficult 
if not impossible to meet. Considering 
the fact that the time constant of motors 
may vary as much as three to one, de- 
pending upon their speed, ventilation, 
and size, it would not be feasible to de- 
sign a multiplicity of relays to cover the 
whole range. Moreover, the co-ordinat- 
ing of the time constants would be diffi- 
cult since in most cases the desired infor- 
mation probably would not be available. 


operation the motor temperature will 
rise gradually above the relay tempera- 
ture so that the motor is not protected 
even though the two time constants are 
matched while the motor is running. 

For this reason, intermittently rated 
motors are protected by instantaneous 
overload relays set to trip at 200 to 300 
per cent. They are intended to operate 
in case of emergency only, such as flash- 
over of commutators or fouling of the an- 
chor. 


BULKHEAD 


LTITLIT BLA 


VTL ILILTILLILLTLLT. 


PANEL 
There is another important factor SUPPORT 
against matching time constants of 
motor and overload relay, namely, the See 


unequal cooling of the motor while run- 
ning and standing still. Tests show that 
with the motor standing still, the ventila- 
tion is very poor so that it will cool at a 
much slower rate than it heated during 
the running period. 

Figure 10 shows that for intermittent 


Figure 12. Typical drip-proof cabinet for 
bulkhead mounting 


Resistor Duty Cycle 
Application Duty Class Sec On Sec Off 
eatin age Sond, bye 116 er ea teak trale if + 
Starters above 40 hp} °° Starting, «cso i { US6i ie ele aie etn ee LQ) she juiantgaupunar ones 70 
Windlass TIGL) Peeves « cee LO Me pope eres 15 
Capstan a t 174JT 15 15 
Cargo winch = s+ «+ Speed regulating...... LOAD wach cstiee Lh Ae Rea een 30 
Cable reel UGS saveusrasscotatae tote LG ise rate eeu 
Boat hoist LOG re. 5 cath ow hate Phosgene srateaever 30 


* Dynamic breaking and jamming protection with 125 per cent current for 5 minutes. Continuous running 
on last point lowering, 


{ Jamming protection with 125 per cent current for 5 minutes. 
{ Dynamic breaking in lowering direction. 


The capacity of the resistors is based on good natural ventilation with not more than six tubes mounted 
on top of each other unless special baffles are provided. 
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There is, however, the possibility of 
providing overload protection by means — 
of thermoguards attached to the motor 
winding, thereby measuring motor tem- — 
perature directly and stopping the motor — 
when the temperature reaches a danger- — 
ous value. . ' 

Overload protection for capstans and 
windlasses is obtained with an instantane- 
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CABINET VOLUME ~- CU. FEET 


Figure 13. 


Heater capacity required for 
waterproof cabinets 


nm 
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Figure 14. Relative humidity as a function 
of air temperature rise 
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Figure 15. Typical waterproof cabinet for 
deck application 


u 


Figure 16. Typical drip-proof under-deck 
controller 


Figure 17. Accelerating drum for large motor starter with many 


steps 
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ous jamming or step-back relay which 
inserts resistance in the armature circuit 
and reduces the stalled current to about 
125 per cent rather than stopping the 
motor completely. This is done to main- 
tain the tension in the anchor chain or 
the hawser while the ship is being warped 
or getting under way. 


RESISTORS FOR STARTING AND SPEED 
REGULATING Duty 


Practically without exception these 
resistors are of the nonbreakable and 
noncorrosive ribbon type using a nickel 
or chromium steel alloy suitable for 
500-600 degrees centigrade continuous 
duty. 

The maximum permissible temperature 
rise of a resistor depends a great deal on 
its location. When mounted in a con- 
troller cabinet, it is not desirable to ex- 
ceed 365 degrees centigrade rise because 
it is close to apparatus with organic in- 
sulation. 

However, it is satisfactory to go as 
high as 500 degrees centigrade rise when 
the resistors are mounted separately 
and are spaced sufficiently from other 
equipment to avoid undesirable heat 
transfer. 

The tap or terminal is an important 
design detail of the resistors. Depend- 
ing upon the design of the resistor, the 
terminal is either clamped, silver-soldered, 
or welded to the resistor ribbon. Any of 
these methods is satisfactory, although 
the welded terminal may be preferable, 
particularly for higher temperatures. 

In order to insure a stable and per- 
manent resistor connection, the latter 
must stay tight. Only in this way is it 
possible to keep the oxides away from 
the points of contact and maintain a 
metal-to-metal contact. 

Two factors have to be considered 
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when designing resistors for starting or 
regulating duty, namely, resistance and 
capacity. The selection of starting re- 
sistors is relatively simple since both 
factors are given by the number of steps 
and the accelerating time. Resistors 
for speed regulating duty, however, are 
more difficult to determine since the duty 
cycle depends a great deal on the judg- 
ment or habit of the operator. 

Based on operating experience, resistor 
designs have been established for various 
applications, as shown in Table II. 
Special controllers with long accelerating 
time or heavy-duty cycle require, of 
course, more resistor capacity. 


CONTROLLER ENCLOSURES 


Practically without exception, con- 
troller cabinets are built of structural 
steel in order to secure maximum 
strength and minimum weight at low 
cost. This applies to drip-proof as well 
as waterproof enclosures. 

Designs for drip-proof cabinets are 
fairly well standardized. The contactor 
panel is mounted on rigid panel supports 
which, in turn, are bolted directly to the 
bulkhead as shown in Figure 12. This 
forms a strong mounting arrangement 
and permits a relatively light enclosure. 
Floor mounted drip-proof cabinets con- 
sist of the usual angle iron frame with 
removable sides and back to permit ready 
access to the apparatus. Ventilation of 
cabinets is usually obtained by means of 
louvers arranged in the side of the cab- 
inet. This limited ventilation is suffi- 
cient for small losses such as caused by 
magnet coils. Larger losses, such as 
produced by speed regulating resistors, 


Figure 18. Waterproof manual controllers 
for deck auxiliaries 
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Figure 19. Magnetic controllers for deck 
auxiliaries 


A. Open type 
B. Drip-proof type 
C. Waterproof type 


require enclosures with raised top to per- 
mit better circulation of air. 

Waterproof cabinets for deck mounting 
have to be made strong enough to with- 
stand the impact of green water and to 
guard against corrosion eating through 
the walls in a relatively short time. 

Corrosion of deck controllers is difficult 
to prevent because of condensation re- 
sulting from breathing action. The 
highly saturated air inside the cabinet is 
heated up to 50-60 degrees centigrade 
during a hot day and therefore, can hold 
considerable moisture. During the night 
this air is cooled off, and thus is unable to 
hold the water which is deposited on the 
inside surface, and finally collects at the 
bottom of the cabinet. This process is 
going on day after day so that under un- 
favorable conditions a sizable amount of 
water may collect in the cabinet, render- 
ing the air so damp that even the best 
finish will break down after a while. 
There are two effective means of mini- 
mizing this corrosion. One consists in 
providing heaters inside the cabinet to 
keep the air always above the dew point. 
The watts required for this purpose can 
be determined from Figure 13. Experi- 
ence has shown that a temperature rise 
of the air inside the cabinet of about 10 


Schaelchlin—D-C Auxiliary Controllers 


(2 


degrees centigrade is sufficient to keep 
the cabinet dry. The reduction of rela- 
tive humidity by heating the air is illus- 
trated in Figure 14. 

An additional improvement is obtained 
by providing a check valve at the bottom 
of the cabinet to drain any possible water 
and to provide some circulation of fresh 
air. Actual tests in the field have shown 
that a considerable improvement is ob- 
tained with surprisingly small openings. 

It cannot be emphasized too much to 
provide substantial bolts not less than 
3/8 inch diameter for mounting of doors 
Sizes below that will be 
twisted off when trying to force a corroded 
thread. Doors that have to be opened 
very readily sometimes are equipped with 
locking dogs as illustrated in Figure 15. 
They have to be made substantial enough 
to withstand rough handling when coy- 
ered with ice, 


or covers. 


Controller Assemblies 


It is not the purpose of this paper to 
give a detailed description of the various 
applications. Rather than do this it is 
proposed to show some typical controllers 
which illustrate the lastest design trends. 


UNDERDECK CONTROLLERS 

Figure 16 shows a typical three-step 
starter for a 25-horsepower motor. All 
controller components are mounted in 
front of the panel to permit ready inspec- 


tion and removal of parts if necessary, 
Studs with solderless lugs are arranged 
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_ celerating drum as per Figure 17, which 
combines one line contactor and all ac- 
celerators in one single and compact 
unit. The spring-closed cam-opened 
- switch units are provided with silver 
_ tips and cut out the starting resistor in 
_ predetermined intervals. The speed of 


| 


Figure 20. Two views of 
_typical waterproof master 
switch for deck controller 


the pilot motor is adjustable within a one 
to two speed range. 
_ CONTROLLERS FOR DECK AUXILIARIES 


Manual as well as magnetic controllers 
_ are provided for winches, capstans, and 
windlasses. Manual controllers as shown 
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in Figure 18 are limited usually to smaller 
motors not exceeding 30 horsepower at 
230 volts or 15 horsepower at 115 volts, 
because experience has shown that main- 
tenance is excessive for current ratings 
above these values. 

Magnetic controllers are being sup- 
plied with open, drip-proof, or water- 
proof unit construction as shown in 
Figures 19A, 19B, and 19C. There has 
been a great tendency in recent years to 
favor the unit construction, particularly 
for cargo winches, since it reduced the 
installation work on the part of the ship- 
yard to a very minimum. Its possible 


weakness is maintenance at sea, particu- 
larly in bad weather, although experience 
so far has been very satisfactory. 


Master switches are invariably of the 
waterproof construction, either cast or 
sheet steel and with an offset in the 
handle movement to provide a positive 
stop in the off position. A safe-on aux- 
iliary switch is also provided to permit 
shutting down the control circuit when 
the equipment is not in operation. See 
Figure 20. 

Very often it is preferred to make the 
master switch spring returned to obtain 
the so-called ‘“‘dead man’s feature’? and 


Schaelchlin—D-C Auxiliary Controllers 


to make sure that the motor cannot stay 


energized and accidentally burn out 
while the operator has ‘“‘gone out for 
lunch.” A master switch of this type is 
illustrated in Figure 21. Its lever is 
arranged so that the switch can be oper- 
ated conveniently either with the steve- 
dore standing beside the controller or 


Figure 21. 
spring-returned handle and seating facility for 
operator 


Waterproof master switch with 


sitting on it. This latter feature is 
desirable particularly for cargo handling 
where operation extends over many 
hours. 

Limitation of space does not permit 
discussion of special features required for 
different applications. Whatever con- 
trol functions, however, are provided, 
emphasis should be placed on simplic- 
ity of design to obtain the desired re- 
sults with a minimum amount of appa- 
ratus. 
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A New Approach to Probability 


Problems in Electrical Engineering 


H. A. ADLER 
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HE PROBABILITY of simultaneous 

occurrences of events for which the 
individual rate of occurrence is known 
can be determined by the well-known 
binomial law. This law states that if ” 
events have each a probability or rate of 
occurrence ~, then the probabilities that 
0, 1, 2, 3, etc., of the m events occur 
simultaneously, are given by the consecu- 
tive terms of the binomial function 
[pb + (1—p)]". Therefore, the prob- 
ability that 7 out of the m events occur 
simultaneously is 


Pra ees (1) 


a ee a 

Applied to the probable frequency of 
simultaneous occurrences, this expression 
merely says that if each of the events 
occupies a fraction p of the period of 
time under consideration, say a fraction p 
of a year, then the simultaneous oc- 
currences of r events occupy a fraction 
P, of the period under consideration. 
However, if P, were found to be 1/52 
according to the binomial law, then it 
would be known only that in a year the 
simultaneous occurrence of 7 out of the n 
events would occupy in the average a 
period of one week. It is not known, 
however, whether this simultaneous oc- 
currence does happen once a year with a 
duration of one week, or once every two 
years with a duration of two weeks, or 
seven times a year with an average dura- 
tion each time of one day. 

It is obvious that knowledge of the 
duration and intervals between overlap- 
ping events can be of considerable im- 
portance in many practical cases. In 
problems of congestion, such as in tele- 
phone operation, not only the probability 
of the use of r out of 1 available channels 
is of interest, but also the average dura- 
tion and frequency of such an occurrence. 
Similar problems arise in connection with 
intermittent use of electric power, such 
as by welding apparatus and elevators. 
In statistical problems of unavailability 
of equipment, average length and average 
intervals between occurrences of un- 
availability may be important, such as 
in cases of outages of lines, transformers, 
or generators of electric utilities. 

The equations presented in the follow- 
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ing, which apply to a variety of problems 
are based on an extensive analysis and on 
enumerations of a great variety of cases. 
The equations were found to be correct 
also for limiting or borderline cases. 
The methods of analysis and derivations 
of the equations are not presented, as 
they would require too much space and 
exceed the scope of this paper. For the 
same reason, discussion of some of the 
purely mathematical implications and 
extensions of these equations are omitted. 


Special Case 


Starting with the most simple case, 
assume that each of m events has a rate 
of occurrence p = t/T so that each event 
occurs once in a period of T units of time 
and lasts each time ¢ consecutive units of 
time. Further, be it assumed that the 
starting points of the events can change 
only in steps of multiples of the unit of 
time selected. Then the average dura- 
tion, or overlap, of r simultaneous events 
out of 2, expressed in the selected units of 
time is 

Tr n—-T 
eeTiga i Soa 


{rrr t)?-7— 


n! 
Pe ——(F— 3) (7 2) -iet (2) 


r\(n—r)! 
or simplified, 


U(T-t 
{(T—t)"-"-(t-— 


Wier 


b= 


NT) 
(3) 


From a standpoint of statistical mathe- 
matics, the numerator of equation 2 is 
the sum of all possible durations of the 
r-fold simultaneous events and the de- 
nominator is the sum of all repetitions of 
such r-fold simultaneous occurrences. 

In terms analogous to the binomial 
law, the average overlaps may be ex- 
pressed by the expansion of the function 


[tx-+-(T—t) |" 4) 
(ie H(T—)P—[@—Dx H(Tot—bp $ 


(Here x is merely a ‘‘generating function” 
for convenient identification of terms 
corresponding to exponent r on x. Only 
the coefficients are of interest.) The 


Adler, Miller—Probability Problems 


chosen. Of course, these step: 
made as small as desired by choosin; 
small enough time unit. The res 
tions of unit steps can be completely 
moved if we substitute pT for ¢ in eq 
tion 3 and pass to the limit. We the 
obtain for the overlap duration, ¢, 
pressed as a fraction of the entire period 7 
under consideration. 

4 


t,_ _(1—p)p 
} 


fee T r+p(n—2n) 

With P, from equation 1 and ¢, frem equa- 
tion 3 or 5, we get the average interval T, 
between r-fold simultaneous events by 


T, =t,/P, (©) 


The frequency of such overlaps is 
faa Pelt — 

Following is a practical application of 
these equations. A single-phase 60- 
cycle circuit is supplying 30 welders. 
On the average, each welder gives 25 
random current impulses per minute to 
the circuit. Each impulse lasts on the 
average 5 cycles. What are the average 
durations and frequencies of the various 
possible amplitudes of impulses? Here 
t = 5 cycles, T = 1/25 minute or 144 
cycles, and = 5/144. The durations 
and frequencies of the impulses of various 
amplitudes, as calculated by equations 
5 and 7, are given in Table I. 

Values of currents up to six times the 
rating of one welder are quite frequent. 
indicating the possibility of serious volt- 
age flicker. From the data in Table I 
it is simple to calculate the equivalent 
current in the cable which produces the 
same heating of the conductor as the 
various current impulses. 


More General Case 


In the case discussed, all individua 
events had the same rate and duration o: 
occurrence. Now consider the case where 
each of the ” events occurs again once it 
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the period T, but the duration of each 
event is different. The duration ¢ has 
different lengths a, b,c... .forthedifferent 
events and the probabilities p = ¢/T 

have consequently different values. 
Then, assuming first that each event can 
etic only in steps of multiples of the 
time unit, the average duration or over- 
laps of r-fold simultaneous occurrences, 
_ expressed in the units of time chosen, is 
_ given by the ratios of the coefficients in 
the numerator and denominator of the 
_ expanded function 9, that is, 


gx" 


a se 
hx 


- 


(8) 


- where g and h are the coefficients of x” in 
the numerator and denominator, re- 
spectively, of the expanded function 
U[t<«-+(T—t)] 


g M[tx-+(T—t)]—M[(t—1)x+(T—t—-1)] ©) 


vi 


_ Here II signifies the products of the terms 

in the parentheses, with ¢ assuming all 

the different values a, b,¢c.... Written 
differently and assuming only three events 
with durations a, b, and c, the average 
duration of the various overlaps are 
given by the ratios of the coefficients of 
x’ in the numerator and denominator of 
the function 


[ax-+(T—a) \[bx+ (T—b) lex+(T—c)] 
{ [ax-+(T—a) |[bx + (T—b) |lex+ (T—e) ]— 
[(a—1)x+(T—a—1)][(6-1)x+ 


(T—b—1)][(c—1)x+(T—ce—1)]} (10) 


Again the steps in which the events 
shift can be made as small as desired by 
choosing the unit of time suitably small. 
The limitation of shift in multiples of the 
time units can be eliminated completely 
by setting 


ogee 
ba= 7 bo= Te Pe= 7 


Ga=1—Pa, o=1—fo, Ic=1—Phe 


and passing to the limit 7~o. Then 
the overlaps of r-fold simultaneous oc- 
currences expressed as a fraction of the 
period T are given by the ratios of the 
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coefficients in the numerator and denomi- 
nator of the terms x’ of the following 
function 


(pax tga) (bret Qn) (Pex +e) 
(%+1) [(bax+Ga) (ox+ qo) + 
(Pax + 4a) (bex+Ge) + 

(poxt qn) (box+4e)] (11) 


which can, of course, be generalized to 
any number of terms” > 3. 

As an example, assume that a distribut- 
ing station of an electric power company 
is supplied by three lines from different 
sources. According to statistical data 
each of the three lines can be expected to 
be forced out of service once a year. 
Due to the different nature of the lines, 48 
hours are required to restore the first line 
to service, 24 hours are required for the 
second line, and 12 hours are required 
for the third line. Then, a=48, )=24, 
c=12, T=8,760, pa=48/8,760, p»=24/- 
8,760, and p,=12/8,760. The average 
duration and intervals of outages as 
calculated by equation 10 or 11 is given 
in Table II. 


Events of Different Amplitudes 


The preceding equations gave informa- 
tion on only the number of lines out of 
service. If the loads which can be 
carried by the three lines are different, 
then it may be more important to ob- 
tain information on the kilovolt-amperes 
out of service rather than the number of 
lines out of service. If the three lines of 
the preceding example have different 
load-carrying capacities, L,, Ly, and L,, 
then the average duration and intervals 
of loss of various amounts of kilovolt- 
amperes can be obtained from equation 
10 by substituting xq, %p, and jp fOr x. 
Then the average duration of the loss of 
L, kilovolt-amperes is the ratio of the 
coefficients for x, in the expanded numer- 
ators and denominators, the loss of L» +L, 
kilovolt-amperes is given by the co- 
efficients of xpx,, the loss of La+L,+L, 
kilovolt-amperes is given by thecoefficients 
of XqXpXe, and so on. 


Completely General Case 


Assume that an event n occurs fp 
times during the period T where f, may 


Table Il 

Number of Average Average 
Lines out Duration of Interval of 
of Service Outages in Hours Outages in Years 

One certs «oie 0.344 

Law wipee = 0.334 

2 sera 53.14 

ee erncartenstete 6. Sih tkseverege 37,747 
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Table Ill 


a 


Number of Average Length Frequency 
Channels of Overlap in of Overlap 
in Use Seconds Per Second 


The lengths 


be different for each event. 
of the f, occurrences of the event 7 may 
be all different and so may be the inter- 


vals between occurrences. The individ- 
ual lengths of these occurrences may be 
bra (amd Spe Sage y,) nits: WDhe tn 
dividual lengths of intervals between 
occurrences may be 6,,(a=1, .-., fr) 
units. 

et 


a=fn 


Sia 0, 
a=1 


and 


a =fn 


Yona = An 
a=l1 


In other words 6, is the sum of the 
lengths of the f, different occurrences for 
the event 7, and A, is the sum of the 
intervals between occurrences. There- 
fore, 


On-+ An=T 


Then, assuming again that the events can 
shift only in multiples of the unit of 
time, the average duration or overlap of 
0, 1, 2,. . ., simultaneous occurrences is 
given by the ratios of the coefficients of 
the various terms x” in the expansion of 
the function. 


Ir [Onx+ An | 
=1 


TE [Oyx-+ Am] — TL [(On—fu)20-+ (An—Jn) | 
=1 n=1 
(12) 


It is of special interest that in the 
numerator as in the denominator, the 
individual lengths of occurrences for 
each event and the order of occurrences 
have no effect on the result, but only the 
sums of the lengths of occurrences and of 
the intervals and the frequency of oc- 
currence, or number of repetitions are of 
importance. This fact, of course, sim- 
plifies the application of this general 
formula considerably. Finally, we can 
remove the restriction of shift of events 
in multiples of the time unit by sub- 
stituting pT for 6, and q,T for An and, 
furthermore, setting Pn/fn=Un and Qn/fn= 
Wn. 

When we pass to the limit T— © we 
obtain for the duration of the average 
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overlaps expressed as fractions of the 
period T, 


a uh 
lim == 
FP 00) 
Ti ata (13) 
Ton, X IL wy 
es w= if na~-T—t 
| Toy, x Hy + Y(t x mn | 


where the superscripts on the product 
symbols designate the number of terms 
in the product. Each double product 
contains each index of one to not more 
than once. The summations are taken 
over all different combinations of n 
subscripts or indices in two groups of 7 
and (n—r), each in the numerator, and of 
(r—1),and (n—r), and of r,and (n—r—1) 
each in the denominator corresponding to 
the double products. 

If all values of v,, are identical and, con- 
sequently, all values of w, are identical, 
equation 13 reduces to 

t 


3 i 
lim = 
t—>o T 


vw 


(14) 
mw-+(n—m)v 

If f=1, then v=) and w=q=1—}), and 
equation 14 reduces to equation 5, 

As an example of the general case, as- 
sume that of three available channels the 
first is in use once in the period T of 10 
seconds and the duration of use is 5 
seconds. The second channel is in use 
twice in each period T of 10 seconds and 
the two durations of use, 2 and 5 seconds, 
occur with equal frequency. The third 
channel is in use three times in each 
period T of 10 seconds and the equally 
likely durations of these three uses are 1, 
2, and 3 seconds, respectively. Then 
the average durations and frequencies of 
overlaps, as calculated by equation 12, 
are given in Table ITI. 

This example, admittedly artificial 
to illustrate the general formula, is 
typical of problems which can occur in 
telephone practice and in other fields of 
electrical engineering. Still further gen- 
eralization is possible, and has been 
carried out though not elaborated here, 
along two general First, it is 
possible to work out a method—but 
not a formula—to express the duration 
and interval between recurrences of ‘‘y or 
more’’ simultaneous occurrences and to 
further extend it to “‘w or more’’ kilovolt- 
amperes, say, when individual events are 
of unequal capacity. Secondly, it is 
possible to determine the deviations 
from the mean of the durations and in- 
tervals given by the above formulas. 

The methods and equations as outlined 
have helped considerably in solving prac- 
tical problems which could not be solved 
by equations previously available, 


lines. 
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PPLICATION DATA for mercury 
pool tubes or tanks must include 
information covering rectifier capacity, 
control characteristics, excitation require- 
ments, losses, cooling requirements, and 
other essential characteristics. 

The factors affecting rectifier capacity, 
the relations between these factors, and 
the procedure for specifying rectifier 
capacity have been set forth in a com- 
panion paper. This paper presents a de- 
scription of the excitation, control, and 
cooling characteristics of typical mercury- 
arc tubes of the ignitron type and outlines 
a procedure for specifying these character- 
istics, together with the limitations and 
operating requirements which must be 
considered. 


Excitation 


The excitation system must establish 
and maintain the conditions required for 
arc conduction. To do this it must per- 
form three functions: 


1. Start a cathode spot on the cathode 
pool. 


2. Maintain the cathode spot. 


3. Extend the ionization to the anode 
region. 


IGNITORS 


In rectifiers of the ignitron type, a 
cathode spot is started each cycle by the 
ignitor. In order to perform the starting 
function successfully, the ignitor must be 
supplied with sufficient energy to assure 
reliable operation, The 
volt-ampere requirements of the ignitor 


instantaneous 


depend upon its construction, composi- 
tion, and treatment. Individual ignitors 
vary in resistance and starting character- 
istics because of small differences intro- 
duced during manufacture or operation, 
In order to assure reliable ignitor opera- 
tion, definite specifications have been set 
up for ignitor performance. Acceptable 
ignitors must fire at peak voltages and 
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currents within the specified maximum 
values. 

The ignitor excitation requirements are 
best described by a volt-ampere charac- 
teristic of the type shown in Figure 1. The 
“minimum” curve gives the instantaneous 
volt-amperes that this excitation circuit 
should deliver. It must be understood 
that an ample margin should be allowed 
between the “minimum” curve and the 
maximum volt-amperes required to fire 
acceptable ignitors. The “maximum” 
curve indicates the highest value of in- 
stantaneous volt-amperes that the firing 
circuit may deliver without damage to 
the ignitor or seal assembly. 

A wide variation in the resistance of in- 
dividual ignitors is permissible, and the 
dotted curves show typical character- 
istics for ignitors having resistances rang- 
ing from 2 to 100 ohms. The peak short- 
circuit current and open-circuit voltage 
indicated by the solid curves are particu- 
larly useful in specifying the excitation 
circuit requirements. Further limitations 
and requirements of the ignitors are indi- 
cated in Table I. 


AUXILIARY ANODES 


In order to minimize the power con- 
sumed by the ignitors and also the physi- 
cal size of the firing circuit components 
the ignitor volt-amperes are usually sus- 
tained for only a few electrical degrees 
(from 10 to 25 degrees in most circuits). 
Auxiliary excitation or relieving anodes, 
therefore, are used to perform the follow- 
ing functions: 


1. Maintain the cathode spot for the re- 
quired period. Many circuits require that 
excitation be maintained for 90 degrees in 
order to assure reliable operation at light 
load. 


2. Furnish additional energy for ioniza- 


tion of the are space. 


3. Reduce the duty on rectifying elements 
in the firing circuit by providing a shunt 
path. 


Table |. Ignitor Limitations and Requirements 


== | 


Maximum rms current allowed, amperes...... 15 

Maximum avg current allowed, amperes..... 3.0 

Maximum instantaneous inverse voltage al- 
LOWEG, SVOIES:. ». 5 A cians «evasion eee nee 5 
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; These auxiliary anodes may be located 
either in the open arc path or ina shielded 


_ The inverse voltage applied to the ex- 
citation anode must be held to a low value 
in order to limit the positive ion bombard- 
ment and avoid arc-backs. The maximum 


allowable inverse voltage depends upon 


7 


‘tion anode and the time of application of 
the inverse voltage, that is, whether the 
inverse voltage is applied during the main 
anode conduction or during the main 


IGN 
RESISTANCE 
Ng! : 


100M EQUIVALENT 
GNITOR 


a o 20 40 60 80 
PEAK AMPERES 


Figure 1. Ignitor instantaneous volt-ampere 
requirements 


Pulse duration@ =10 to 15 degrees at 25 to 60 
4 cycles 


‘of the excitation anode voltage with re- 
_ spect to the ignitor firing point, the excita- 
tion anode conduction period may often 
be fixed so that inverse voltage is applied 
to the excitation anode only during the 
"main anode inverse period. Where this is 
“not possible, some means, such as a recti- 
‘fying element), must be provided to limit 
the inverse voltage which may be applied. 
Further limitations and requirements are 
indicated in Table II. 


Grips 


While the grids are also a part of the 
excitation system, in that they help to es- 
tablish the conditions for conduction, this 
is only incidental to their control action. 
‘Their characteristics are covered in the 

section on control. 


Control 


In an ignitron, control of conduction 
may be obtained by means of either 
ignitors or grids. 


tubes which are built without grids. 
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the amount of shielding around the excita- - 


The ignitor provides Figure 3. 
the only means of control in many small acteristics on pumped 
In ignitron with single grid 


Figure 2. Excitation anode wave forms 


A—lgnitor current 
B—Excitation anode voltage 
C—Excitation anode current 


such tubes, the ignitor usually provides 
effective control over the full range of 
operation. However, most larger tubes 
are equipped with one or more grids. 

The primary function of the grid is to 
contro! both the arc phenomena in the 
neighborhood of the anode and the start- 
ing of anode conduction. While the estab- 
lishment of suitable arc conditions at the 
anode is essential to the action of the rec- 
tifier and affects the rectifier capacity 
directly, the control function of the grid is 
the more important from an application 
standpoint. , 

The grid action depends directly upon 
the electronic processes taking place in the 
rectifier throughout the cycle. These are 
well illustrated by the oscillographic ob- 
servations shown in Figure 3. These ob- 
servations were made on a pumped igni- 


ANODE 
CURRENT 


tron operating in a six-tank unit at Ey, = 
1,294 volts and Jg = 2,000 amperes load 
current. In order to facilitate analysis of 
the action, the grids were excited from a 
rectangular voltage wave of 125 volts 
peak through 500 ohm resistors. 

Referring to Figure 3, main anode con- 
duction starts at time ¢ with a positive 
grid current. At time t, before the end of 
conduction, the voltage applied to the 
grid circuit is made negative. The grid 


Table II. Excitation Anode Limitations and 
Requirements 
Maximum rms current allowed, amperes....... 10 
Maximum avg., current allowed amperes...... 5 
Minimum instantaneous current required to , 
maintain cathode spot, amperes............ 3 
Maximum peak inverse voltage allowed during 
conduction; Wolts ; \w3 dass teetod ie acento 25 
Maximum peak inverse voltage allowed during 
inverse, <VOltSsotiiacce™s tee teen Mee eee ieee 150 
potential remains substantially un- 


changed although the grid current is re- 
versed. The positive ion current collected’ 
by the grid is limited only by the resist- 
ance of the grid circuit. Main anode con- 
duction ends at time f,. However, the 
grid current is sustained as the grid con- 
tinues to collect positive ions from the 
residual ionization. As deionization con- 
tinues, the intensity of ionization finally, 
at time #3, falls below that required to sus- 
tain the full positive ion grid current, and 
the grid current then falls off along a 


fo (Uta Ge ELS 


ANODE 
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decrement curve as deionization pro-— 

_ gresses. At time fs, the voltage applied to 
the grid circuit again becomes positive. 
The grid now collects electrons and since 
these are more mobile than the positive 
ions and can be drawn from the entire arc 
space, the grid current again reaches the 
limiting value fixed by resistance. How- 
ever, the deionization process continues 
and this current also falls off on a decre- 
ment. 

Late in the unverse cycle, the main 
anode becomes positive at time ts. Since 
the rectifier is operating with phase con- 
trol and the ignitor has not yet fired, con- 
duction does not begin. However, the 
grid again collects ions as it is made nega- 
tive with respect to the anode, This 
action is quite pronounced when operating 
at 60 degrees centigrade temperature. 

Many conclusions regarding the action 
may be deduced from these observations. 
Some of these are as follows: 


1. Ionization persists throughout the in- 
verse cycle. 


2. The deionization time is a function of 
the control temperature. 


3. The action of the grid assists the decay 
of ionization. 


4. The grid shields the anode from the 
ionization which persists in the are path 
during the inverse cycle. 


GRID CHARACTERISTICS 


Most ignitron tubes with a single grid 
have a negative grid characteristic, that 
is, require a negative grid potential to 
prevent conduction. This negative grid 


characteristic is obtained because the arc 
path is usually quite open and a high level 


50 6070 


ee Ss es 
TEMPERATURE—C 


-160 -120 -80 


Eg 
Figure 4. Grid blocking characteristic of 
pumped ignitron with single grid 


E,—Grid to cathode voltage at start of dis- 
charge 
E,—Anode to cathode voltage 
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of ionization is provided at the grid by the ag 
_ ignitor and auxiliary anode arc. : 


Typical grid-blocking characteristics 
for a pumped ignitron having a single grid 


are shown in Figure 4. These character- 


istics apply where the ignitor is energized 
and the blocking action of the grid is 
utilized to prevent conduction while the 
rectifier is being placed in operation. The 
grid current which flows as a result of the 


- 


Table Ill. Grid Limitations and Requirements 


Minimum grid resistance allowed, ohms..... 
Maximum grid resistance allowed, ohms..... 5,000 
Maximum inverse voltage allowed during 


conduction, VOLES; sisone bislehdavattTnupiee migraine 150 
Maximum inverse voltage allowed during 

INVERSE) WOMES) 3, aiaie lote v: sialon a nlatol ste bga’sl vam 300 
Minimum positive voltage required to fire, 

VOLES. cree eet alela lhe cus © dieterel eaters’ c's bstorer a 50 
Maximum positive voltage allowed, volts... 300 


ionization produced by the ignitor and 
excitation anode is shown in Figure 5. 

The grid characteristics, when operat- 
ing with phase control, are similar to those 
for blocking, except that the presence of 
the ionization from the conduction of the 
preceding cycle increases the negative 
voltage required on the grid to prevent 
arc-through, or loss of control. The slow 
deionization of a single grid tube is shown 
clearly in Figure 3. For this reason, a 
single grid does not provide effective con- 
trol over a wide range of temperature and 
ionization. A wider range 6f control may 
often be obtained by the ignitor than by 
the grid in a single grid tube. 

Table III gives a further list of typical 
grid limitations and requirements. 

Where a wide range of phase control is 
required to obtain blocking action from 
no load to fault currents, full phase con- 
trol at all loads, and accurate timing of 
firing, two or more grids are usually pro- 
vided in the ignitron tube. With two 
grids, the outer grid shields the inner 
from the ionization in the are path and 
permits more rapid and complete deioni- 
zation of the space around the anode and 
the inner grid so that better control char- 
acteristics are obtained. A wide variety 
of firing characteristics may be obtained 
by such arrangements. These are gener- 
ally similar to those for the single grid. 
However, further studies are necessary for 
a full treatment of their characteristics, 
limitations, and requirements. 


Cooling and Temperature Control 
Mercury-pool tubes must be operated 

within a specified temperature range in 

order to deliver rated power output, as- 


sure reliable operation, and prevent dam- 
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lishing 1 the desi iperature ee 
must perform the g majc 
tions: -- noled f 
| meee 
1. Remove the heat produce 
losses. . ‘ 
2. Maintain the desired reeks 
ture. 

3. Maintain the desired ee 
ient on the anode seals. 

4, Minimize corrosion. 


Arc LOSSES — 


Most iGiticn tubes have an ane drop 
ranging from 15 to 25 volts. The lo 
are approximately proportional to the 
load current although the are drop in- 
creases somewhat with the load. The 
maximum cooling requirements are usu 
ally determined by the arc loss obtained 
when operating at the current required 
for the two-hour overload condition. 
Since the heat storage capacity of the 
usual tube structure is equivalent approxi- 
mately to a thermal time constant of 15 t 
30 minutes, overloads of short dummies 


S| 
"7 5002 6133-5 : 
osc. 
VIB 
0-C 
SUPPLY BIAS 
GEN. 


ph 
te) 


IGNITOR AMPERES 
fe) 


oO 


GRID AMPER: 


(o) 60 120 
DEGREES (AT 60 CYCLES) 


180 


Figure 5. Grid current during blocking tests 


Anode to cathode voltage =O 
Grid to cathode voltage = —300 volts 
Temperature as shown : 
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bod = er oe é -~ “a a m - 

such as one minute, need not be con- 
sidered in the determination of the cooling 
requirements. ye 

Figure 6 shows a typical arc drop char- 
acteristic for a pumped ignitron operating 
ina unit of six tanks with a double-Y con- 


of operation where P = 3, the conduction 
period is (120° + x), and the peak tube 
current is three times the average tube 
current. An alternate connection which 
is sometimes used is the fork where P = 6, 
_ the conducting period is (60° + u), and 
the peak tube current is six times the 
_ average tube current. The arc drop in 
_ this case will be higher because of the in- 
: creased peak current and the losses, there- 
fore, will be greater. Tests on two units 
4 show that the losses at the same load are 
_ increased approximately eight per cent 
over those obtained when operating 
_ double-Y. A similar correction factor, 
- but having a different value, may be 
determined for other modes of opera- 
tion. 


~ COOLING 


The majority of power rectifiers are 
cooled by water which is passed through 
_ -suitable water jackets. Two general sys- 

“tems of water cooling may be employed. 

One is the direct raw water-cooling sys- 
_ tem in which water is taken from a suit- 

able supply, passed directly over the cool- 

ing surfacesof the rectifier, and discharged. 

The other is the heat-exchanger cooling 
- system in which a coolant is passed over 

the cooling surfaces of the rectifier, then 

cooled in a heat exchanger and recir- 
culated. 

Direct raw water cooling requires the 
least amount of equipment and, therefore, 
frequently is used on small units ranging 
from 75 kw to 300kw. Insuchsystems, 
tubes must operate over a wide tempera- 
ture range with varying water flow. In 
order to conserve water, the tube water 
jackets usually are connected in series. 

Heat-exchanger cooling systems are 
used for all the larger rectifiers where it is 
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nection. This represents the usual mode — 


' . - 


desired to operate the tubes at the opti-. 


mum temperature and utilize their full 
capabilities. Pertinent information neces- 
sary in applying a heat exchanger to a 
rectifier unit is as follows: 

1. Type and design of rectifier. 

2. Water flow in gallons per minute. 


3. Pressure drop through water jacket, in 
pounds. 


4. Approximate arc losses in kilowatts. 
ANODE HEATERS 


It is necessary to maintain a tempera- 
ture gradient at all times from the anode 


ARC DROP— VOLTS 


o) 200 400 600 800 1000 
AVERAGE LOAD AMPERES — PER TANK ™ 
Figure 6. Typical arc-drop characteristic for 
pumped ignitron 


and grid seals to the tank, so as to prevent 
the condensation of mercury on the seal 
insulators. On equipment employing 
sealed tubes, with direct raw water cool- 
ing, usual service conditions are generally 
such that no heaters are required. Where 
sealed ignitrons operate under unusual 
service conditions which are unfavorable, 
anode heaters must be provided. Anode 
heaters generally are required on all 
pumped ignitrons. These heaters range 
up to 350 watts, depending upon the 
size of the tube and the service condi- 
tions. 


CoRROSION 


The prevention of corrosion in rectifier 
cooling systems, involves two considera- 
tions, one, a proper choice of metals which 
come in contact with the water, and sec- 
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ond, the control of the chemical constit- 
uents of the coolant. The sealed tubes 
employ stainless steel for the vacuum tank 
in order to insure vacuum tightness. A 
complete corrosion-resistant water cham- 
ber is readily obtained by providing water 
jackets of the same material. The stain- 
less steel construction of sealed tubes 
makes them suitable for use in direct raw 
water cooling systems. Pumped rectifiers 
employ vacuum tanks made of boiler 
plate steel. They must be proved with 
copper cooling coils for use in direct raw 
water-cooling systems. , 

For heat exchanger systems, where a 
recirculating coolant is used, the materials 
in the: associated piping which is con- 
nected to the rectifier should consist of 
malleable iron pipe and fittings. It is good 
practice that the recirculating water be 
treated with sodium chromate (Naz - 
CrO,), using either distilled or an approved 
raw water. 


Conclusions 


The factors which must be consicered 
in the application of mercury-pool tubes 
and the design of rectifier units have been 
described. Also a procedure for speci- 
fying their characteristics, limitations, 
and requirements has been outlined. 

A full knowledge of the characteristics, 
limitations, and requirements of the 
ignitron tube is essential to the design of 
a successful and economical rectifier unit 
inasmuch as the auxiliaries required for 
excitation and temperature control are 
an important part of the unit. 
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HE MECHANICAL transients analy- 
zer!? provides a fast and simple 
method of obtaining the complete solu- 
tions to the performance equations of 
servomechanisms under any type of oper- 
ating condition. It has been found to be 
applicable to the detailed analysis of 
specific systems. Also, because of the 
great rapidity with which parameters of a 
basic system can be changed once that 
; system is set up, the analyzer is admirably 
suited to generalized studies of various 
types of systems. This paper presents a 
general study that has been made of 
variable-voltage angular-position servo- 
mechanisms. The data give dominant 
system frequencies and damping rates for 
a two time delay system with simple error 
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Figure 1. Schematic diagram for variable- 
voltage angular-position servomechanism (see 
appendix) 


control and for a wide range of param- 
eters. Similar data are presented for er- 
ror control plus optimum anticipation 
time constants, together with other per- 
formance characteristics. Because of the 
many curves required for the same type 
of analysis of the several variations 
of resistance-capacitance-feedback and 
other forms of antihunt or damping de- 
vices, they will not be treated here. 

The range of parameters chosen is suf- 
ficiently wide to cover all practical types 
ofvariable-voltageservoapplications. The 
performance of a given system or the 
choice of parameters for optimum per- 
formance can be quickly obtained from 
the dimensionless data on the curves. 
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tg, can only represe nt the 
time delay. How 


er, if 
delay of the system bein 
ligible, ty can represent any ot 
laybackinthesystem. Theapp 
the dimensionless parameters upon 
the generalized study is based. Th 
include the undamped natural frequen 
ual to critical damping with notimedelays, 
and the time constants put in dimension- 
less form through multiplication by wy. 
In the accompanying curves, the per- 
formance solutions plotted as functions of 
the above parameters are actual dominant 
system frequencies, dominant system 
damping rates, and crest values of the 
error angle. The first two are appli- 
cable to any form of disturbance or mo- 
tion to be followed. As shown in the ap- | 
pendix, system frequencies are put in di- 
mensionless form by expressing them as a 
fraction of w,. Damping is given in per 
cent per cycle. Since a suddenly applied ~ 
constant velocity is considered to be the 
most basic type of disturbance function 
for such systems, the actual solutions 
were obtained for this case and the crest 
error angles, @max, or transient overshoots, 
were put in dimensionless form by ex- 
pressing them as a function of the steady- 
state error angle, 6,,, for such disturbance 
(see appendix). 


Figure 2. Dimensionless curves of per cent 

damping for variable-voltage (two time de- 

lays), angular-position servomechanisms with 
simple error control 


A. r=0.2 and r=0.6 
B. r=0.4 and r=0.8 
Cc. r=1.0 
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The method of studying such systems 
on the transients analyzer is discussed in 
detail in reference 1. The basic torque 
equation of Figure 1 is represented as an 
electric circuit with suitable circuit con- 
stants and amplifiers. The exact circuits 
and analogies used are given in the above 
reference. The complete transient solu- 
_ tions were observed or photographed on 
the screen of a cathode-ray oscilloscope. 
' In reading and recording data either from 

the oscilloscope screen or the photographs, 
precautions were taken to obtain about 
five per cent accuracy. Numerous check 
calculations were made for the case of 
_ simple error control, all of which checked 
well within ten per cent. It should be 
pointed out that the data presented rep- 
resent the equivalent of the solution of sev- 
eral thousand servo-equations. The great- 
est number of solutions would be required 
in obtaining the optimum anticipation 
which is quite simple with the analyzer. 


Analysis of Data 


The information presented in Figures 2, 
3, and 4 is in dimensionless form. There- 


OcToBER 1946, VOLUME 65 


Figure 3. Dimensionless system frequencies 
for variable-voltage angular-position servo- 
mechanisms with simple error control 


A. r=0.2 
B. r=0.4 
Co r=0.6 
D. r=0.8 
E. r=1.0 


fore, any physical system of the type 
shown in Figure 1 is represented by the 
curves of Figures 2, 3, and 4 regardless 
of the actual numerical values of its 
parameters. 

Figure 2 shows curves of per cent damp- 
ing per cycle plotted as a function of wyt, 
for different values of wyt,, and r equal to 
0.2, 0.4, 0.6, 0.8, and 1.0. All symbols 
used are as defined in the appendix. In 
Figure 3 the ratio of actual frequency, w, 
to the undamped natural frequency, wp, is 
also plotted as a function of w,t, for vari- 
ous values of wytg, and r equal to 0.2, 0.4, 
0.6, 0.8, and 1.0. The data of Figure 4 
were obtained by choosing an anticipation 
time, wT, to provide the best compro- 
mise between damping, response, and 
overshoot. These data give per cent 
damping per cycle, the ratio of maximum 
angular error, Omsx, to the steady-state 
angular error for a constant input veloc- 
ity, 0,, the ratio of actual to undamped 
frequency, w/w,, and the optimum value 
of anticipation time, w,T 4, as a function of 
the two system time delays. Separate 
curves are given for r equal to 0.2, 0.4, 
0.6, 0.8, and 1.0. Figure 5 shows photo- 
graphs of some of the typical solutions ob- 
tained in deriving the curves of Figure 4. 
The ordinate is angular error 0, and the 
abscissa, time. 

A study of Figures 2, 3, and 4 shows 
that any general conclusions drawn may 
have exceptions at particular points. 
Thus, although frequency and damping 
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generally decrease with increase of Wnty, in 
Figure 3C, for watg = 0, frequency in- 
creases with increase of Waly up to about 
1.0, and in Figure 2C, damping increases 
for a number of values of wyt, for increase 
in @,t, to 1.0 or better. 

In order to have satisfactory perform- 
ance of the simple-error type of servo- 
mechanism, it can be seen in general in 
Figures 2 and 3 that large values of r and 
small values of Wpt, and wyty are required. 
The exception to the above statement is 
found at values of r of 0.8 and 1.0 where it 
is possible to increase the damping to a 
satisfactory level by increasing Waly, al- 
though there is a sacrifice in frequency 
ratio. 

The use of an error rate or anticipation 
term in the controller usually results in a 
well-damped system with good frequency 
response when r is small and the time de- 
lays Watg and wpty are large. This is well 
illustrated by Figure 4 and by actual 
photographs of such a case, Figures 5Aand 
B. However, for the practical range of 
time delays for r equal to 0.2, damping de- 
creases for all cases of increasing time de- 
lays. Difficulty is encountered in obtain- 
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ing sufficient damping at 7 equal to 0.6, 
0.8, and 1.0 for large values of w,t, and 
small values of w,ty. The photographic 
record of Figure 5C and D shows this. 
In Figure 5D the principal effect of antici- 
pation is to reduce the magnitude of the 
oscillation with little or no increase in 
damping. It should be recognized im- 
mediately that this is not a common 
operating point, for the armature time de- 
lay is rarely even of the same order of 
magnitude as the field delay. 

In general, the optimum anticipation 
time, w,T 4, increases; the frequency ratio, 
w/o, decreases; and the peak ratio, 
Omax/ Oss, increases with increase in Waly. 

Remembering that high values of r 
bring correspondingly higher steady-state 
errors for a constant input velocity and 
greater power loss, the advantage of anti- 
cipatory control over the simple error con- 
trolis apparent. 

The curves of Figures 2, 3, and 4 have 
been smoothed so that some of the small 
kinks, caused by the large number of 
roots in the differential equations, have 
been omitted. At all points, however, the 
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curves are well within an accuracy of ten 
per cent. There is no difficulty in choos- 
ing the dominant frequency in most cases. 
However, where a second frequency is 
pronounced, the w chosen was that which 
corresponded to the time for the initial 
overshoot to first return to the steady- 
state angular error, 0,.. 


Typical Example 


To clearly illustrate how easily the data 
in Figures 2, 3, and 4 can be used, a typi- 
cal variable-voltage angular-position ser- 
vomechanism problem is worked out be- 
low. 

The parameter values are as follows: 


I =107! pound-inch-second? 
K=6 inch-pounds per radian 

Ra =6 ohms 

L,=0.10 henry 

Ry=100 ohms 

L,;=15 henries 

b=4 inch-pounds per ampere 
g=0.6 volt per radian per second 


K 
on=r =7.07 radians per second 
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Figure 4. Dimensionless performance curves 

for variable-voltage angular-position servo- 

mechanisms with optimum anticipation time 
(on Ta) 


r=0.2 
r=0.4 
r=0.6 
r=0.8 
r=1.0 


MOQP> 


b ‘ 
c= be 0.4 inch-pound per radian per second 
a 
c 


2\/KI 
nts = 1.06 
Wntg =0.12 


=0.283 


r= 


In this case all parameters as J, K, and 
b that are a function of shaft speed are 
given at the motor shaft. 

Any shaft geared to the motor could 
easily have been used as a reference 
instead, as long as all the values were 
given at that shaft. At times this may be 
desirable. 

Referring to Figure 4 and interpolating 
between Figure 4A and B for r = 0.28 
gives the following data: 


Optimum , 7, =2.0 

Per cent damping per cycle =83 
w/on =14 

Omax/Ose Fe lat 


Therefore, if in the actual system T, is 
made 2.0/7.07=0.283 second, the actual 
system will have a frequency of 1.4xX 
7.07=10 radians per second, and a maxi- 
mum angular error at the motor shaft for 
a suddenly applied constant velocity, a, 
of 


2 
1.7m 0.1870, 


On 


The damping per cycle of the system is 
83 per cent. 
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‘Figure 5. Typical solutions as obtained with 
the mechanical-transients analyzer 


A. 1r=0.2, wnt, =0, entp=0.53, w7,=2.19 


B. = O25 Wyte =0.24, Wyt= O53; nla = 4 64 
ei,— 0:6) @,t-—1 08, wnt = 1.06, nT, =0.6 


_D. r=1.0, ents =2.0, wnty=0.53, nT, =0.55 


\ 


Conclusions 


The data presented provides in clear 
form the solutions to any variable-volt- 
angular-position servomechanism 


error control or error plus error rate (an- 
ticipatory) control. The solutions in- 
clude system frequencies and per cent 
damping per cycle that are applicable to 


any system disturbance, and maximum 


overshoot data are provided for the case of 


_ suddenly applied constant velocity. A 


typical practical example of the use of the 


_ data is given. 


‘It should be emphasized that the solu- 
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(D) 


tions are directly applicable only to sys- 
tems that are approximately linear, al- 
though the correct order of magnitude of 
results will be obtained even for systems 
that materially depart from linearity. 


Appendix 
Equations for Figure 1 


t, =armature time constant 
t7=field time constant 

T, =anticipation time constant 
K =stiffness constant 


Equation for armature circuit: 

Ey =RgitLapit gp; p= “ 

Equation for motor torque: 

bi=1p0o 

Giving the mechanical torque equation 


bEg L,I 
Ramey 


b 
M, ae POs +Ip'o+— 69 
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Bo M,=(1+tap)[p% tcp 


Controller torque M, for simple error con- 
trol: 


_K(—&) 
(1+tp) 
Controller torque for error control plus 
anticipation: 
K(1+Tob) (61-9) 
Mh 
(1+i0) 


Dimensionless parameters for generalized 
analysis: M3 


¢ 


w, =\/K/I=undamped natural frequency” 
with no time delays 


C 
=ratio of actual to critical damp- 
24/1K - 
ing with no time delays 


Dimensionless time constants = w,t 
Dimensionless system frequencies =w /on 
w, =suddenly applied constant velocity 


2rw 
853=-—— = steady-state error for suddenly 
On 


applied constant velocity 
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+ Circuit Cushioning of ‘Giri 
Grid-Controlled Rectifiers 


D. V. EDWARDS 


ASSOCIATE AIEE 


Synopsis: In certain common rectifier and 
inverter circuits, gas-filled rectifier tubes 
supplying highly inductive loads with firing 
delayed by grid control, are subjected to 
the application of high rates of rise of initial 
inverse voltage. This phenomenon results 
in short tube life because of the sputtering 
of anode material by the impact of residual 
ions attracted at high velocity to the nega- 
tively charged anode with consequent gas 
cleanup. The paper describes a method of 
slowing down or cushioning this rateof rise of 
initial inverse voltage. A small resistance 
and capacitance circuit connected between 
cathode and anode of each tube delays the 
voltage rise the few microseconds necessary 
to eliminate gas cleanup. Life test data 
and practical applications are cited. 


AS CLEANUP, or gradual disap- 
pearance of the gas filling of gaseous 
discharge tubes was noted by Plucker in 
1858, and later studied more extensively. 
The present work was undertaken to ex- 
plore the phenomenon as related to hot- 
cathode xenon- and argon-filled grid- 
controlled rectifiers. 
The exploration was prompted by a re- 
ported tube life of 40,000 hours without 


OV bn7 


LOAD 


TIME. (8) 


Circuit of test 1 with oscillograms 
of tube voltage and current 


Figure 1. 


A—Voltage across tube 
B—Current through tube 


cleanup in one circuit, contrasted with a 
circuit which consistently caused clean- 
up within 250 hours. 


Cleanup Test Data 


Life tests were initiated in 1936 under 
the tube operating conditions listed in 
Table I, using a tube type which tests on 
resistive load under widely varied condi- 
tions had shown to be free from gas 
cleanup and dependable for lives in ex- 
cess of 3,000 hours, 
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Before this work was undertaken, it 
was thought that cleanup might ac- 
company rapid ionization. 

Test 1 was designed to give rapid 
current buildup by reason of a low im- 
pedance power supply and transformer. 
Tube current rose abruptly from zero 
to 90 amperes each cycle. As the test 
was at overload, the life obtained was 
considered normal. Tests after failure 
showed that cleanup did not occur. 
Hence rapid buildup of ionization is not 
cause for cleanup at least up to rates of 
current rise of several million amperes 
per second. 

Test 2 applied high initial inverse 
voltage caused by the current carry- 
over forced by the inductive load, shown 
in the diagrammatic oscillograms of tube 
voltage and current in Figure 2. Here 
no rapid buildup of ionization occurred, 
but in each cycle, at the end of con- 
duction, a high inverse voltage abruptly 
appeared. This initial inverse volt- 
age is indicated on the oscillogram of 
the tube voltage in Figure 2. With 
this circuit condition rapid cleanup oc- 
curred. 

In test 3 the load inductance was made 
larger to prohibit appreciable change of 
current throughout the cycle. At the 
end of each cycle, the inductance gen- 
erated the instantaneous voltage neces- 
sary to overcome negative supply voltage, 
thus forcing current to flow through the 
conducting tube until relieved by the 
firing of its successor. Current flowed 
through each tube in square blocks, 
thereby maintaining full current just 
prior to applying the initial inverse 
voltage. This test caused drastic 
cleanup. 

Table I further indicates by test 4 
that lowered initial inverse voltage alle- 
viates cleanup somewhat, whereas in- 
creased frequency in test 5 aggravated 
cleanup. 

As a result of this and other data, and 
numerous installations where it was 


Paper 46-146, recommended by the AIEE commit- 
tee on electronics for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28, 
1946. Manuscript submitted April 22, 1946; made 
available for printing May 15, 1946, 


D. V. Epwarps is president of, and E. K. Smiru 
is engineer with, Electrons, Inc., Newark, N. j. 
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grid sires tube as 
sizable electron current ane i 
during periods of high | inverse 


the anode. a ; ‘pet 
3. There were no ee glow ¢ isch : 
or tube abnormalities. =e: 


Items 2 and 3 had eee ee 
years previously to be possible causes for 
cleanup. In the tests reported in Table 
I, suitable grid resistors were used (ap 
proximately 50, 000 ohms) to eliminate e 
cause 2. Many previous tests of tk 
tube type on resistance loads under 
various conditions had demonstrat 
that the tubes were free of eleaamp fro 
cause 3. 

Since 1937, limitation 1, as part of the 
tube application notes of one company 
prohibited many commercial applica- 
tions of gas-filled tubes. Desiring to re- 
move this restriction, the details of the 
abrupt transfer from conducting cur- 7 
rent to withstanding inverse voltage were 
probed further. 

: 


Commutation 
This transition for the circuit shown 
in Figure 3 is depicted with expanded 


time scale in Figure 4. The process of 
current commutation commences at in- 


“4 


LOAD 


Obra 


<a (B) 


Figure 2. Circuit of test 2 with oscillograms 
of tube voltage and current 


A—V oltage across tube 
B—Current through tube 


stant fs as the tube about to enter con- 
struction 2 is fired by grid action. Its 
anode voltage falls precipitously and con- 
duction current arises. However, leaving 
tube 1 continues conduction by reason of 
the inductance of the supply and trans- 
former, shown schematically as equiva- 
lent leakage inductances Z;. Similar 
inductance Lz momentarily limits the 
growth of current through entering tube 2. | 
With both tubes conducting concurrently, 
both anodes are at the same potential and 


, 
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uited. Full voltage during this period 
is applied ° to L; and Le in a direction to 
increase current in Le and depress it in 
Iy. By the time 4, current through 
leaving tube 1 has been brought to zero 
and load current transferred to entering 
tube 2. Rectifier action prohibits re- 
_verse current, therefore the rate of change 
of current through L, disappears and the 
voltage across it collapses from maximum 
value to zero, This applies the full 
negative voltage of the winding to the 
leaving anode. Simultaneously, load cur- 
rent, which cannot change rapidly be- 
4 cause of the high load inductance, be- 
comes the only current flowing through 
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Figure 3. Circuit of tests 3, 4, 5, and 6 with 
oscillograms of tube voltages and currents 


A—Voltage across tube 1 
B—Current through tube 1 
C—Voltage across tube 2 
D—cCurrent through tube 2 


L2, causing voltage across Lz to disappear 
and further increasing the initial inverse 
voltage on leaving tube 1. Stray ca- 
pacitances and core losses in the various 
inductances prevent the initial inverse 
voltage from appearing absolutely in- 
stantly. It is not until %, that full ini- 

tial inverse voltage appears. However, 
on circuits of a few kilowatt capacity, 
voltage often appears at a rate of over 
100,000,000 volts per second. All of the 
commutation events just described occur 
in a time so small compared to 60-cycle 
waves that they often go unnoticed. 


Cushion Test Data 


Experiments were conducted in which 
the rate of rise of the initial inverse volt- 
age was modified by adding a capacitor 
and resistor across each tube, as shown 
in Figure 5. The capacitor-resistor cir- 
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the transformer if Loren he Figure 4. Details of 


commutation in cir- veer 

cuit shown in ACROSS TUBE 2, 

Figure 3 

Showing equivalent 


circuit and  oscillo- e 
grams of tube volt- — 


ages, tube currents, 

and transformer out- ‘ 
put voltages during + 

current commutation —~ VOLTAGE ie i 

and rise of initial Races beer y 


inverse voltage 


CURRENT 
THRU TUBE 2 


CURRENT 
THRU TUBE ? 


TRANSFORMER 
OUTPUT VOLTAGE 


cuits have been called cushion circuits to 
indicate that they cushion the fall of 
anode potential. 

Life tests using tubes of lower cur- 
rent rating than those reported in Table 
I were run under the conditions listed 
in Table II. 

Cleanup occurred in all tubes tested in 
test 6, whereas none was detectable in 


Table I. 


responsible for cleanup, as test 7 built up 
conduction current slightly faster than 
test 6. 


Operation of Cushion 


The operation of the cushioned circuit 
of Figure 5 may be described as follows. 
For the half cycle prior to entry of tube 2, 


Life Test on Tube 


Tube Rating: 750 Applied Peak Forward Volts, 5 Amperes Average Current, 60 Amperes 
Peak Current 
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Applied Applied 
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any tube after failure in test 7. As be- 
fore, the particular tube type had been 
thoroughly tested on various resistive 
loads and found to be free from cleanup. 
In addition to demonstrating the ef- 
fectiveness of cushioning, this test gave 
further evidence that initial inverse 
rather than build-up of ionization was 
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cushion capacitor (C; is discharging 
through R, and tube 1. It stands dis- 
charged at the moment / when entering 
tube 2 fires. Current commutation ‘is 
instituted at ft as previously described. 
Also, entering cushion capacitor C2 is 
discharged through Rz, and tube 2. 
Time #; marks the end of current com- 
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mutation. Thereafter, the initial in- 
verse voltage cannot appear on leaving 
tube 1 except as current builds up 
through L; and L, to cause voltage drops 
across R; and (;. By proper choice of 
resistor and capacitor relative to the 
leakage inductances L; and Le, this rise 
of initial inverse voltage can be delayed 
a few microseconds and yet have enough 


Table Il. 


' 


this expedient. These data are neces- 
sarily tentative, but they do disclose that 
the permissible rate of rise of initial 
inverse voltage, above which cleanup 
sets in, depends upon current commuta- 
tion conditions. Low reactance trams- 
formers, which commutate swiftly, re- 
quire a lower rate of application of ini- 
tial inverse voltage, that is, larger 


Life Test on Tube 
Tube Rating: 450 Applied Peak Forward Volts, 1 Ampere Average, 8 Amperes Peak Current 


Applied 
Peak Initial 
Forward Inverse Avg Peak Hours 
Test Circuit Frequency Volts Voltage Amp Amp Life 
Gisteh, antises Figtre’ So cieve sie cis > GOK erates ste tehens Cae ae LY ee AG civic ciel eases UL oaiieye eke rovers Io osnlwiereiaietetn 449 
(hacen ISUE Dees ieieieleters GO edicts Persia BOS Fis acini ees OV OPO Leet ase ard VBS WM oe 14,200 
resistance to prevent oscillations. Rates cushion capacitors. High reactance 


of rise of the order of 10,000,000 volts per 
second are often satisfactory. 

It may help to attempt to visualize 
the phenomenon occurring within the 
tube during the commutation and applica- 
tion periods. While conducting current, 
ionized atoms of xenon populate the elec- 
tron stream, neutralizing electron space 
charge. The number of ions varies as 
some function of current. Ona decrease 
of current, the ion requirements will de- 
crease, allowing the excess to seek elec- 
trons and return to atoms. A_ short 
time, that is, the order of ten~® seconds, 
is required for the ionization to readjust 
to the new conditions. Thus, at the 
instant that current reaches zero, there 
still will be present residual ionization 
representing current flow some micro- 
seconds earlier. 

At the cessation of current, the initial 
inverse voltage appears on the anode at 
the rate established by the circuit. The 
negative anode attracts residual posi- 
tively charged ions to it. If ions, being 
relatively heavy particles, fall through a 
high potential drop, they acquire enough 
momentum to sputter or evaporate 
anode material when they impinge.? 
Sputtering appears to trap gas atoms 
both in the anode and in the deposited 
film of sputtered material. If negative 
voltage is applied slowly enough to allow 
sweeping out the residual ions at rela- 
tively low voltage, sputtering is avoided 
and cleanup eliminated, 

To expedite testing, sensitive pressure 
gauges were attached to tubes which were 
then operated under varying current 
commutation rates and initial inverse 
voltage application rates. Cleanup could 
be detected in shorter testing time by 
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transformers may be completely cush- 
ioned with quite small capacitances. 

It might be noted that, during the 
course of the experiments using extremely 
high commutation and recovery rates, 
there were several cases where the in- 
verse rating of the tube could be changed 
by adjusting the recovery rates. This 
undoubtedly has a bearing on the problem 
of arc-backs, particularly in view of the 


+ 


reported fact that many arc-backs in 
mercury-are rectifiers occur just after 
current commutation.?;4 This seems to 
merit a separate inquiry and report, 

Based on the pressure gauge tests, the 
safe rating for the maximum rate of rise 
of initial inverse voltage is being specified 
for the present on some tubes as 


See safe rate of rise of intial in- 
Aw verse voltage in millions of volts per 
second 


where 
K is a constant for each tube type (6.6 for a 
typical 6.4 A tube) 
Ais the current flowing 10 microseconds be- 
fore current zero 


Ajo can be determined from measure- 
ment of total current flowing and dura- 
tion of current commutation. 

This formulation assumes a linear re- 
lation between residual ionization and 
Ajo which admittedly is a first approxi- 
mation, but appears to cover the range 
of measurable voltage rates moderately 
well. The factor K usually is larger the 
smaller the rating of the tube, as might 
be expected from the smaller ionized 
volumes. This, plus the fact that frac- 
tional ampere circuits do not often have 
high initial inverse voltage application 
rates, usually makes it unnecessary to 
cushion low power tubes. 


VOLTAGE 
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* TIME to 
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ACROSS TUBE ! 


TIME 

Figure 5. Details of 
commutation of cush- 

ioned circuit Ep Ro 
Showing equivalent a | oureOTS Vortace 
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q There | is a small power loss in the 
ushion ene It is sabe less than 


tection. However, by proper cathode- 
tray oscilloscope technique they may be 
_ observed and measured readily. Anode- 
_to-anode voltage properly attenuated is 


viewed with an expanded sweep voltage 
that is a multiple of supply frequency. 
It is convenient to apply a synchronizing 
signal from a small capacitance connected 
to an anode. The scene thus obtained 
permits the time of current commutation 
and the rate of rise of the initial reverse 
voltage to be scaled off. 

There are two sources of error that 
deserve mention. The signal attenu- 
ator must be noninductive and with- 
out capacitance errors. The stray capact- 
tance within the oscilloscope between 


OcTOBER 1946, VOLUME 65 


Figure 6 


- (right). 
A 12,000 _horse- 
power speed-con- 
trolling magnetic 
clutch regulated by 
cushioned rectifier 


Figure 7 (left). Con- 
trol rectifier unit for 
magnetic clutch 


its power source and the oscilloscope 
ground lead must not be allowed to 
distort the reading. 


Application 


The following circuits apply initial 
inverse voltage if firing is throttled by 
grid action. 

Cushioning is indicated to accommo- 
date the maximum amount of throttling 
expected in service. 


1. Full wave or polyphase rectifiers with 
inductive load. 


Edwards, Smith—Gas- Filled Rectifiers 


2. Polyphase rectifiers with any load 
operating in continuous current region. 


3. Parallel inverters. 


4. Half wave control rectifiers with induc- 
tive load and back rectifier (only back 
rectifier requires cushioning). 


The conclusions arrived at by life tests 
have been verified by a large number of 
actual installations ranging from small 
controlled rectifiers supplying motor and 
generator field excitation all the way up 
to the 12,000-horsepower adjustable speed 
magnetic clutch shown in Figure 6. 
Magnetizing power for such units is con- 
trolled precisely by a cushioned rectifier 
as shown in Figure 7. Cushioned control 
rectifiers have been used successfully over 
the past two years in many such applica- 
tions which formerly were impractical. 


Conclusions 


Experiment indicates that there is a 
safe rate of rise of initial inverse voltage 
on gas-filled grid-controlled rectifiers 
above which gas cleanup may be ex- 
pected and below which cleanup may be 
completely avoided. 

Tests indicate that the safe rate of rise 
of initial inverse voltage is a function 
of the current commutation and of 
tube construction. This rate of rise 
may be controlled by proper cushion 
circuit design. 
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Synopsis: This paper gives the results of a 


series of tests on two sizes (AN-16 and 


AN-8) of insulated aircraft wires and 
cables, which were made to determine their 
permissible short-time current-carrying ca- 
pacities. The times under consideration 
ranged from 0.01 to 1,000 seconds. A de- 
scription is given of a very simple but ade- 
quate electrical test together with an ac- 


_companying insulation test to determine 


what are considered permissible transient 
temperatures. Tentative recommendations 
of short-time current-carrying capacity for 
aircraft cable sizes AN-22 to AN-00 are 
made. 


IRE SIZES for aircraft power 

supply and control circuits, se- 
tected onthe basisof steady-state tempera- 
ture rise may prove inadequate for other 
conditions of operation. Short circuits 
arising from gunfire or other causes must 
be anticipated and protected. A great 
many motors are used to drive the many 
devices and controls found on the modern 
plane. 

If small wire sizes such as numbers 22 
to 6 are used for supplying power to in- 
duction motors, d-c motors, and similar 
loads which may take six times rated cur- 
rent or more during the starting period, 
and if this branch line is protected by 
means of temperature overload relays, 
these branch lines should be capable of 
carrying six times motor current without 
exceeding a permissible temperature for a 
duration corresponding to the time re- 
quired for the overload relay to trip. 
It has been recognized commonly that 
these smaller wire sizes generally will be 
deficient in their ability to carry this over- 
load for the required period when the 
selection of the wire size is based entirely 
on its continuous rating. This deficiency 
generally is not present in the larger wire 
sizes. 

The purpose of this paper is to supply 
needed data on aircraft wires to applica- 
tion engineers who sometimes have made 
the error of using too small a wire size on 
loads of this character because adequate 
information generally has not been avail- 
able. It should also be pointed out that 
although these data were taken on wires 
which had insulation appropriate for 30- 
volt d-c aircraft application, some spot 
checks were made on a few sizes of wires 
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insulated for 600-volt service and it was 
found that their short time ratings were 
quite close to those of the aircraft wires. 
The insulation on the aircraft wire is actu- 
ally comparable to that on the 600-volt 
wire in spite of the lower voltage of the 
aircraft service. It is believed permissible 
to apply the present data on aircraft to 
industrial 600-volt insulated wires, or 
similar, until data are made available for 
each specific type of wire. Any difference 
that may be found between these two 
types of wires will be on the safe side. 
Transient currents in excess of the nor- 
mal continuous current ratings of the 
supply wiring and cabling of military air- 
craft electrical systems are caused by: 


1. Starting currents of connected electrical 
devices when starting under normal condi- 
tions. 


2. Starting currents of connected electrical 
devices during abnormal conditions, such 
as after a period of low temperature shut 
down during which bearing lubricating oils 
and greases have congealed or during which 
connected moving parts have iced or frozen. 


3. Actual short circuits resulting from 
faulted conductors caused by sustained 
abrasion, vibration, or gunfire. 


Circuit breakers or contactors con- 
trolled by temperature overload relays 
are the commonly used means to limit the 
duration of these currents to prevent the 
wire temperature from rising to values 
which would result in damage to the in- 
sulating covering of the wires. 

The safe time duration depends on the 
following factors in addition to the cur- 
rent: 


1. Initial wire temperature. 


2. The heat storage capacity of the copper 
conductor itself. 


3. The heat storage capacity of the wire 
insulation and its relation to that of the 
copper conductor. 


4. The radiation characteristics of the wire 
covering. 


5. The external air temperature, pressure, 
and the degree of cooling provided by con- 
vection and ventilating air currents. 


6. The groupings of the wires in bundles 
or runs. 


The steady-state continuous rating of 
the wire based on 100 degrees centigrade 
maximum insulation temperature is gov- 
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in this paper. 
The short-circuit mom: los 
condition involves so short a rv 


that its safe time Pre aa 
largely by the initial temperature 
wire and its heat storage capaci 
temperature which may be determined 
safe for that time exposure. Values o 
safe times can be calculated. This pape 
will discuss these limitations only briefly 


For the present, it is assumed that thi 


perature for all wire sizes is 150 degree 
centigrade, for time intervals below on 
second. Fuse and circuit-breaker de- 
signers for many years have used so-called 
J*t curves in providing overload protection 
to circuits. These curves are calculated 
on the assumption that all the energy is 
absorbed in heating the copper conductor, 
They include curves of temperature rise 
for various currents and times. Such a 
set of curves is shown on Figure 3. These 
curves are very satisfactory for periods of 
time below one second, which include 
most true short-circuit occurrences. 

The problem, then, of selecting wire 
sizes resolves itself into 


1. The selection of wire size for steady- 
state conditions generally is made on the 
basis of the continuous rated current ca- 
pacity of the wire. These ratings are based 
on rules well established in the industry, 
though for aircraft use they are based on 
100 degrees centigrade maximum operating 
temperature (70 degrees centigrade rise over 
30 degrees centigrade ambient tempera- 
ture) rather than more usual conservative 
values. 


2. The selection of wire size for overloads 
of known or estimable duration below one 
second can be made on the basis of the previ- 
ously mentioned J*t curves. It is recom. 
mended that 150 degrees centigrade be the 
maximum allowable temperature to be at: 
tained by the copper. 


It is recommended that the selection o! 
wire sizes for overloads whose duration i 
between 1 second and 100 seconds be 
made on the basis of curves presented it 
thispaper. Thesecurvesaregivenin Figure 
4, and are derived from the present serie: 


Paper 46-145, recommended by the AIEE commit 
tee on air transportation for presentation at th 
AIEE summer convention, Detroit, Mich., Jun 
24-28, 1946. Manuscript submitted March 15 
1946; made available for printing May 15, 1946. 


B. W. Jongs and J. A. Scorr are in the industria 
control engineering department, general engineerin, 


laboratory, General Electric Company, Schenec 
tady, N. Y. 
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Figure 1. 


Current-time-temperature curves 
from 30 degrees centigrade ambient tempera- 
ture for aircraft cable size AN-16 


of tests conducted to study the damaging 


effects on the insulation of overload cur- 


rents whose duration was between 0.1 
second and several hundred seconds. The 


~ tests and the derivation of the curves are 


described in the following paragraphs. 


Method of Test 


There is no accepted standard method 
for determining the short-time current- 
rating of wires. Some engineers have 
measured temperature rise of wires by 
means of thermocouples embedded in the 
center of a wire or brazed to the copper 
strands. Others have used an oscillograph 
to obtain a simultaneous reading of cur- 
rent and voltage, while others have used 
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CURRENT SHUT 
OFF AT THIS 
TIME 


the voltmeter-ammeter method. In this 
investigation the authors used all three 
methods and compared their results. 
Based on this work we will recommend a 
method which we found was the most 
practical and yet gave a sufficiently ac- 
curate result. 

There are two important factors that 
must be accurately determined when 
making a test of this kind to ascertain the 
permissible short-time current-carrying 
capacities of various wire sizes. 

The first is to be sure that the 
recorded temperatures are accurate, 
so that the insulation is actually sub- 
jected to contact with a wire of the 
recorded temperature. To illustrate, 
it was found that the thermocouples 
gave readings very appreciably lower 
than the actual wire temperatures as 
determined by resistance methods. 
Thermocouples are not suitable for de- 
termining temperatures of rapidly heated 
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wires (there are also other limitations for 
the use of thermocouples). 

The second factor is to judge correctly 
the degree of damage to the insulation 
that resulted from the above temperature 
and times. There are standardized 
methods for measuring the dielectric 
breakdown and also the cold bend test, 
but with these having been made there 
still remains a fair degree of judgment 
that must be used which should be 
seasoned with a fair degree of background 
on this subject. Figures 6A, B, and C, 
show what is to be expected of such tests. 
However, as it was found actually that 
the evolution of smoke was observed even 
before actual deterioration occurred, and 
since smoking cannot be tolerated in air- 


Figure 2. Current-time-temperature curves 
from 30 degrees centigrade ambient tempera- 
ture for aircraft cables size AN-8 
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planes, its occurrence became the only 
necessary observation. 

A 25-foot length of the wire to be tested 
was cut and its cold resistance was meas- 
ured accurately by means of a Kelvin 
doublebridge in the same ambient tem- 
perature where the test was made. A ten- 
foot central section of this wire was meas- 
ured accurately for length and marked. 
This wire then was mounted horizontally 
about five feet above the test floor and its 
ends connected tothe power supply cables. 
In order to check the effect of thermoplas- 
tic flow of the insulation during the heat- 
ing, a one-pound weight was suspended 
from the wire by a hook of one-inch radius 
made of 1/8-inch diameter steel wire. 
This weight was located three feet from 
one end of the wire as indicated in Figure 
5. Two steel needles were forced through 
the insulation and the stranded wire at the 
two points which marked the ten-foot 
length. To each of these steel needles was 
soldered a six-inch length of ten-mil di- 
ameter nichrome wire, and this in turn, 
was soldered to the necessary length of 
copper wire which ran to the voltmeter 
terminal. The purpose of the nichrome 
wire was to minimize the amount of heat 
that was conducted from the test wire 
into the voltmeter leads. The circuit ar- 
rangement was that shown in Figure 5. 

A field controlled d-c generator was the 
source of power. Current was applied by 
closing a contactor at the zero time and 
held constant until the voltage on the 
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voltmeter reached a previously calculated v 


value, corresponding to the temperature 
to which it was desired to heat the wire. 
Thecold resistance of the 10-foot span was 
assumed to be 40 per cent of the 25-foot 
span which had previously been measured 
by the Kelvin double bridge. The am- 
meter and voltmeter could be read quite 
accurately, and the interval of time be- 
tween the start and the stop also could be 
timed easily and accurately by stopwatch. 
Oscillograph records were taken simulta- 
neously of the current, voltage, and time. 
These provided very accurate measure of 
all quantities and were in close agreement 
with the voltmeter-ammeter values. 
Therefore, since the voltmeter-ammeter 
method is the simpler, this should be the 
preferred method, except for time inter- 
vals below five seconds where the oscillo- 
graph must be used. 

Samples of aircraft cable sizes AN-16 
and AN-8 were subjected to a number of 
current values, and at each of these dif- 
ferent values of current, wires were al- 
lowed to rise to several predetermined 


Figure 3. Time—current curves of one circular 
mil of annealed copper 


Calculated on these assumptions: 


1. Radiation neglected 

2. Resistance of one centimeter cube of cop- 

per at O degrees centigrade =1.589 microhms 

3. Temperature coefficient of copper at 
O degrees centigrade =1/234 


= 


The samples that 
ceed the safe te 


and other samples that app , 
ceeded this safe temperatur n- 
strated this by the sudden oozing of the 
compound out through the insulation sur. 
face. The time at which smoking starte 1 
was observed, and similarly, when the 
test was continuing until oozing occurred, 
thistime wasrecorded. 
Current-time-temperature curves ob- 
tained as a result of these tests were 
plotted for both sizes of wire, see Figure 1 _ 
(size AN-16) and Figure 2 (size AN-8). 
These curves show temperatures plotted 
against time for all of the current values 
tested. The times at which smoke oc- 
curred for each current value are shown by 
the shaded area. The time at which oo0z- — 
ing occurred is shown by the wave labeled © 
oozing starts. In the case of the larger — 
wire AN-8, it was observed during the — 
tests that smoking for some values of cur- 
rent occurred after the current had been — 
shut off. This is due to the great relative — 
heat storage capacity in the larger con- 
ductor compared to that of its insulation. 
The smaller wire gives up its heat to its 
insulation with a rapid drop in tempera- 
ture. This delayed smoke is shown on — 
Figure 2 and indicated by the notes calling 
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Figure 4. Suggested current-time ratings for 
aircraft cable AN-J-C-48a for 30 degrees 
centigrade ambient temperature 


attention to this phenomenon. The safe 
operating region shown on Figures 1 and 2 
is drawn at what is considered a suffi- 
ciently safe margin below the temperature 
time limitations imposed by smoke to 
represent safe operation. 

After the test exposure described 

earlier, each sample of wire was tested for 
insulation condition as follows: 
1. The end sections which supported the 
one pound weight were tested for dielec- 
tric breakdown in accordance with Army- 
Navy specification, AN-J-C-48a paragraph 
F-4b(5), entitled, Dielectric Breakdown. 


2. One half of the ten foot test section was 
tested in accordance with Army-Navy speci- 
fication, AN-J-C-48a paragraph F-4b(6), 
entitled, Cold Bend Test. 

3. The other half of the ten foot test sec- 
tion was tested in accordance with Army- 
Navy specification, AN-J-C-48a paragraph 
F-4b(4)c, entitled, Water Immersion Test. 

The results of these dielectric break- 
down tests are presented graphically in 
Figures 6A, B, and C, respectively. 

It should be noted that a reasonably 
large number of tests were made be- 
cause we were endeavoring to find the 
short time permissible temperatures. 
But if the temperatures that are recom- 
mended here are accepted, any future 
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tests can be simplified very greatly by 
merely finding the time required for any 
selected current to produce the maximum 
temperature shown in Figures 1 and 2. 


Recommended Test Procedure 


Establish by trial a current which will 
produce the allowable temperature rise 
(usually 70 degrees centigrade) in approxi- 
mately 20 seconds (between 10 and 40 
seconds) and determine by test the exact 
time required. On a sheet similar to 
Figure 4, locate this one point of time and 
current. Then from Figure 3 calculate the 
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VOLTMETER 
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OSCILLOGRAPH 
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150-250 V-2000 AMP(MAX) 


D-C GENERATOR 


CONTACTOR 


Figure 5. Test circuit for current-time-tem- 
perature rise test on aircraft cables 
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current required to heat (on a no-loss 
basis) the wire size in question to a value 
equal to 150 degrees centigrade minus the 
assumed ambient temperature in 0.01 
second, This will give another point on 
the afore-mentioned sheet. Then draw a 
straight line between these two points 
and that will be the permissible short- 
time current-carrying ability of that wire 
size. By testing in this simple manner 
about four or five sizes of wire, for any one 
type of wire the whole range of ratings 
can be drawn in by proportioning the in- 
termediate sizes in proportion to their 
respective cross sections. 

Beyond the 100-second region this 
straight line can be extended so as to be- 
come asymptotic to the current line, 
corresponding to the continuous rating of 
this wire, which usually is available for 
the assumed ambient temperature. 


Discussion of Results 


The smoke criterion of damage occurred 
before any other evidence of deterioration. 
On the larger wire, size AN-8, smoke often 
was delayed considerably after the current 
had been removed. This is indicated by 
the delayed smoke limit curve, Figure 2. 
This is evidence of the large energy 
storage in the conductor during the short 
circuit, and the low heat capacity and 
heat transfer constant of the insulation 
compared to that of the large conductor. 
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100 120 160 180 200 220 
MAXIMUM WIRE TEMPERATURE °C 


The dielectric breakdown values given 
in Figures 6A, B, and C, gave evidence of 
deterioration only when the insulation had 
been carried to a considerably higher 
temperature than that at which smoke 
first appeared. Dielectric breakdown re- 
sults vary over a large range, but do indi- 
cate definite deterioration when the wire 
has been exposed to temperatures of 200 
degrees centigrade for the short time inter- 
vals covered by these tests. 
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Figure 6A. Kilovolts 
breakdown in water at 
25 degrees centigrade 
of samples containing 
point of attachment of 
one pound weight, 
one 1/8-inch diameter 
wire hook, AN-J-C- 
48a paragraph F-4b(5) 


Figure 6B. Cold bend 
test kilovolts break- 
down of samples in 
water after one hour at 
AO degrees centigrade, 
AN-J-C-48a paragraph 
F-4b6(6) 


300 


Figure 6C. Kilovolts 
breakdown in water at 
50 degrees centigrade 
after immersion — in 
water for 20 hours at 
50 degrees centigrade 
AN-J-C-48a paragraph 
F-4b(4)c 


240 260 280 300 


The appearance of smoke, then, is the 
first indication of abnormal conditions, 
and if current is not removed immedi- 
ately a condition of serious damage soon 
will result. It is also a condition which 
cannot be tolerated for psychological 
reasons in airplanes. The instinctive 
association of smoke with impending or 
possible fire is so strong, and the hazard 
of fire so great in an airplane, that we 
have adopted the slightest appearance of 
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smoke as the limiting condition of current 
and time below which we must operate. 

On each of Figures 1 and 2 is shown a 
so-called safe operation region which has 
been arbitrarily bounded as follows: 


Wire, Time, Maximum Temperature, 
Size Seconds , Deg C 
AN-8..... Ci el ee oe Sen 150 
AN-8..... Over 20 of eae ee ters 100 
AN-8..... 1.5-20 ....From sloping line connect 
ing these temperatures 
AN-1670..2O-235) Uc nsapliebiic oper 50 
AN-16.... AO Ver 20. sae ssa crite 100 


AN-16....2.5-20 ....From sloping line connect 


ing these temperatures 


Using thisboundary of thesafeoperating 
region, values of times for the various test 
currents were obtained for these two wire 
sizes, in the time range 1 to 100 seconds. 
These are plotted on Figure 4. To extend 
these curves to the left to lower times, 
values of current to produce 150 degrees 
centigrade at the end of 0.01 second were 
obtained from Figure 3, namely, 12,300 
amperes and 1,700 amperes for sizes AN-8 
and AN-16, respectively. These points 
were plotted and connected by straight 
lines to the curves already drawn between 
1 and 100 seconds. 

To extend the curves to the right for 
times greater than 100 seconds, the curves 
were connected by smooth arcs to the 
steady-state values, 73 amperes and 22 
amperes, respectively, which were ob- 
tained from the steady-state ratings given 
by the AIEE committee on aircraft wire 
and cable. 

Curves for other wire sizes between 16 
and 8 were interpolated on the basis of 
the theoretical spacing. Similar extra- 
polation was made to wire sizes 20 and 00. 
These curves are tentative only and sub- 
ject to verification by further tests. 


Conclusion and Recommendations 


Current-time-temperature tests op 
wires, carried to the point at which smoke 
first appears, provide a suitable method of 
determining the short-time current-carry- 
ing characteristics of wires. The tempera- 
ture-time measurements must be made 
carefully and accurately. Wire tempera- 
ture should be determined by copper re- 
sistance, using a voltmeter-ammeter 
method for times down to five seconds and 
using an oscillograph method for shorter 
times. Thermocouple measurements are 
not recommended. 

The suggested current time ratings for 
aircraft cable AN-J-C-48a presented in 
Figure 4 based on a 30 degrees centigrade 
ambient temperature is recommended for 
consideration. 
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AN AIEE COMMITTEE REPORT 


PPLICATION REQUIREMENTS 
for current transformers sometimes 
indicate the use of secondary currents 
lower than the generally accepted stand- 
ard 5-ampere rating. Very little pub- 


lished information is available on this sub- 
- ject, other than a description of a few 


specific installations where such trans- 
formers have been applied. The natural 
question arises as to the advantages and 
disadvantages resulting from the use of 
current transformers with secondary rat- 
ings below five amperes, and under what 
circumstances their use should be con- 
sidered. Because many of the applica- 
tions of low-current secondaries involved 
relay protection, the AIEE relay subcom- 
mittee appointed a working group in 


- October 1943 to study the problem, and 


from that study, gives recommended 
practice for their use. 


Applications 


The principal application of low-current- 
secondary current transformers is in those 
installations involving long runs of sec- 
ondary leads where the resistance of the 
leads (utilizing normal size copper conduc- 
tors) becomes very high, thus imposing 
on the current transformer excessive lead 
burden in comparison to the useful bur- 
den. A brief summary of the problems to 
be considered for such installations is 
covered in this paper. 

Another application of current trans- 
formers using secondary ratings of other 
than five amperes, occurs in those instal- 
lations requiring the paralleling of the 
secondaries of transformers subject to 
widely different normal primary load cur- 


Paper 46-168, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 23, 
1946; made available for printing May 29, 1946. 


This report was prepared by a working group of 
the relay subcommittee, AIEE committee on pro- 
tective devices, consisting of S. C. LEYLAND (M ’43, 
sponsor), manager, relay section, meter engineer- 
ing department, Westinghouse Electric Corpora- 
tion, Newark, N. J.; F. C. PoacE (M ’38, former 
sponsor), electrical engineer, engineering depart- 
ment, Ebasco Services, Inc., New Vork, N: Y.; 
R. E. Neric (A ’38), relay engineer, Metropolitan 
Edison Company, Reading, Pa.; L. F. KENNEDY 
(M ’39), relay application engineer, General Elec- 
tric Company, Schenectady, N. Y.; E. C. ScHURCH, 
(M ’35), senior engineer, electrical department, 
United States Bureau of Reclamation, Denver, 
Colo. 
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rents. In such cases, the secondary rat- 
ing is primarily one of convenience and 
economy. The secondary circuit con- 
stants, transformer turn ratios and per- 
formance, usually are fixed on a 5-ampere 
secondary basis. This is dictated by 
transformers in some of the circuits in- 
volved having the standard 5-ampere 
secondary rating. 


Comparison of Solutions 


The use of current transformers with 
secondary ratings below five amperes for 
the above applications has certain advan- 
tages and disadvantages which must be 
carefully considered in evaluating the 
gains resulting in the reduction of effec- 
tive burden of the secondary leads. Any 
general comparison of these advantages 
and disadvantages should be made on the 
common basis of equal volt-ampere en- 
ergy requirements for the relays, instru- 
ments, and meters, irrespective of the 
secondary rating. Changing the current 
rating of these devices in no way reduces 
the energy required for their operation. 
A reduction in energy is just as desirable 
on the basis of five amperes as on a lower 
current rating basis, and minimum oper- 
ating energy is a controlling factor in the 
design of this type of equipment. 

On the basis of constant volt-ampere 
energy requirements, a reduction in sec- 
ondary current rating results in a corre- 
sponding increase in secondary voltage 
rating. The energy consumption in the 
external devices and the internal losses in 
the transformer are not materially af- 
fected, thus, the only gain is the reduction 
inenergy consumed by the secondary leads 
between the transformer and external 
burden. 

As an example, if it is assumed that the 
distance between the current transformer 
and the instruments or relays is 500 feet, 
and standard control cable such as one 
consisting of conductors each having 19 
strands of number 22 wire is used, 
the burden imposed on the transformer 
by each secondary lead is 11 watts 
at 5 amperes. Under the same condi- 
tions, with a one-ampere secondary, 
the lead burden would be 1/25 or 0.44 
watt per lead at rated current. Thus, in 
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some cases, smaller wire could be used 
with a resulting saving of copper. Such 
savings may be limited, however, by the _ 
necessity of retaining a larger wire size to 


‘obtain mechanical strength. Unless the’ 


lead burden is a fair portion of the total 
burden, this reduction in lead burden 
materially does not lessen the perform- 
ance requirements of the current trans- 
former. 

In evaluating the benefits gained by 
the reduction in effective secondary lead — 
burden, consideration must also be given 
to the effects on the insulation require- 
ments of the secondary circuit, and the 
availability of standard devices suitable 
for use on the lower current rating basis. 

With low-current secondary currents 
and the corresponding increase in second- 
ary voltage (assuming equal energy re- 
quirements), due consideration must be 
given to the required increase in second- 
ary voltage. For instance, the present 
“American Standards for Instrument 
Transformers” recognize a maximum rfe- 
laying accuracy classification of 800 volts | 
on the secondary terminals at 100 am- 
peres (20 times rated) secondary current, 
based on five amperes. On a one-ampere 
basis, the secondary terminal voltage 
would be 4,000 volts, and the secondary 
insulation should be well in excess of this 
value for safe operation. Furthermore, 
the present open-circuit voltages on 
switchboard transformers commonly run 
from 500 to 5,000 volts crest. The logical 
basis for consideration of a one-ampere- 
secondary, therefore, is that the open-cir- 
cuit voltages will be five times as great, or 
from 2,500 to 25,000 volts crest. It is 
apparent that the standard one-minute 
potential test of 2,500 volts to ground for 
the secondaries of current transformers 
should be increased to 12,500 volts for 
one-ampere secondary ratings. Similarly, 
relays and instruments used with one- 
ampere secondary transformers should 
have the one-minute potential test of 
1,500 volts to ground increased to 7,500 
volts. 

The above requirements for insulation 
are based on general applications. How- 
ever, for those applications requiring the 
use of low-current-secondary current 
transformers to minimize lead burden, 
and which will be subjected to consider- 
ably less than 20 times normal current, a 
suitable transformer could be made with 
an insulation level to meet the actual 
secondary voltage requirements. 

While it is quite true that the secondary 
voltages existing at normal currents are 
low, the high voltages occurring on high 
values of overcurrents and on open cir- 
cuits sometimes are overlooked. In cases 
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where only meters or instruments are in- 
volved, secondary overvoltage protection 
may be applied without too much com- 
plication. This is particularly true where 
such protective devices can be permitted 
to short-circuit the transformer on exces- 
sive overvoltage. 
protective devices which short-circuit the 
transformer secondary cannot be used 


where protective relays are involved, be- 


cause incorrect relay operation would re- 
sult. For the foregoing reasons, it is some- 
times feasible when considering less than 
5-ampere secondary ratings to go to a 
lower secondary current rating when only 
meters and instruments are used. When 
protective relays are used, the problem re- 
quires considerable more study. 


When considering the use of low second- 
ary current ratings, attention must be 
given to the use of relays having suitable 
current ratings. The present complete 
line of relays (some available with low cur- 
rent taps) was developed to cover the re- 
quirements of the field on the basis of the 
standard 5-ampere secondary transformer 
ratings. Therefore, their equivalent on a 
l-ampere basis does not exist. While a 
limited number of relays have ‘coils suit- 
able for certain low-current rating appli- 
cations, to obtain a complete line of such 
devices with suitably co-ordinated taps 
and insulation levels would require major 
development. 

In the applications where there is a 
definite need for a lower secondary cur- 
rent resulting from excessive length of 
secondary leads, it is desirable to retain 
standard 5-ampere rating relays and in- 
struments. This may be accomplished by 
using standard 5-ampere rating main 
transformers, relays, and instruments 
with auxiliary current transformers at the 
main current transformers and the switch- 
board. It also is possible to use main 
current transformers with low current 
secondary rating in conjunction with 
auxiliary transformers at the switchboard 
only. It must be remembered, however, 
that auxiliary current transformers intro- 
duce additional burden which tends to 
offset the gain resulting from reduction 
in secondary lead burden, and at the same 
time, lower the accuracy of the over-all 
transformation because of their own er- 
rors. The performance characteristics of 
the auxiliary current transformers must 
be as good as those required of the main 
current transformers, and they should be 
provided with sufficient insulation to pro- 
tect the instruments and relays from the 
higher secondary voltages accompanying 
the lower currents. Where auxiliary 
transformers are used, the switchboard 
circuits should be protected from exces- 
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However, overvoltage 


ECENT aircraft design has empha- 
sized multiengine airplanes, espe- 
cially for commercial transports and mili- 


tary types. Two- and 4-engine planes 


are commonplace and 6-engine craft are 
proposed for the near future. Engine 
synchronism indication, usually between 
a master engine and each of the others, 
becomes more important as the number of 
engines on the airplane increases. It is 
possible to synchronize two engines by 
ear, but this method becomes exceedingly 
difficult for aircraft with more than two 
engines. 

The synchronism indicator, or syn- 
chroscope, has been developed to obtain 
a visual indication of the degree of syn- 
chronism that exists between the master 
and each of the other engines. A dis- 
cussion of the needs for engine synchro- 
nism indication and of the means by 

which it is obtained, will be presented. 


Reasons for Synchroscopes 


F Perfectly synchronized airplane engines 
are desirable for several reasons. Better 
flight efficiency! is obtained when the en- 
gines are running at the same speed. 
Planes with constant pitch propellers 
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synchronism Saat. hiae as. occurs 
synchronizing is attempted with the 

chometer indicators alone, a vibration nf 
low frequency is produced. This beat 
frequency is the arithmetical difference 
between the high frequency vibrations — 


Figure 1. Tachometer generator 


produced by each engine. Its presence 
causes high stresses? to be set up in the 
airplane structure which can cause severe 
damage to the airplane. Fatigue and dis- 
comfort for the passengers and crew of | 
the aircraft also are caused by the pres- 
ence of these vibrations. For example, 
the Air Forces have found it very desir- 
able to use synchroscopes on transport 
planes to avoid these harmful vibrations 


sive voltage by the use of suitable short- 
circuiting devices. Proper consideration 
must be given to the performance of the 
auxiliary transformers on a d-c transient 
having a long time-constant. Auxiliary 
current transformers fulfilling these re- 


quirements increase the cost, require 
installation space, and reduce the net 
gain. 

Conclusions 


In view of the many disadvantages of 
low current secondaries, compared to the 
advantage of reduced secondary lead bur- 
den or saving in copper, they should not 
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be considered except in special cases. 
These specialcases occur where the second- 
ary lead burden is the major portion of 
the total burden and definitely causes 
errors that cannot be tolerated. Then the 
problem should be studied thoroughly in 
the light of the foregoing factors. The sec- 
ondary current rating selected and the sec- 
ondary circuit arrangements used should 
be determined as best meets the require- 
ments of the individual application. 

The working group feels that the prob- 
lem of low-current-secondary current 
transformers is so special that no consid- 
eration should be given to standardiza- 
tion at this time. 
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Figure 2. Cross-section view of synchroscope 


when carrying sick and wounded person- 
nel. 

To promote commercial flying to the 
greatest degree, passenger comfort is of 
paramount importance, especially on 
sleeper-type planes. The synchroscope 
has been found to be a simple and satis- 
factory instrument for adjusting engine 


__ -speeds to obtain efficient flight operation, 


minimized stresses on the aircraft struc- 
ture, and to provide a high degree of com- 
fort for the passengers. 


Equipment Needed to Indicate 
Synchronism 


No additional source of power or trans- 
mitting device is necessary to obtain 
engine-synchronism indication. Electric 
tachometer generators?‘ already installed 
to operate the tachometer indicators will 
supply sufficient additional power to 

operate the synchroscopes. The only 
additional weight necessary is that of the 
indicators themselves and the connecting 


' leads. 


The most satisfactory tachometer gen- 
erator has an a-c output with a frequency 
proportional to engine speed. A typical 
generator of this kind is illustrated in Fig- 
ure 1. It is customary to use a reduction 
gear with a ratio of two to one to drive the 
generator.’ Its 4-pole rotor is made of a 
permanent magnet material such as alnico 
II. This magnet, as it rotates, induces in 
the 3-phase winding on the generator 
stator, a 3-phase a-c voltage having a fre- 
quency proportional to the engine speed. 

To obtain an indication of the degree of 
synchronism between two engines, a 
measurement is made of the frequency 
difference between the outputs of the gen- 
erators connected to each engine. To per- 
form this function, the synchroscope uses 
two stator windings and a rotor. Figure 
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2 illustrates the mechanical construction 
of the instrument, while Figure 3 shows 
the electric circuit. One coil is a 3-phase 
winding, placed in the form of a toroid on 
a circular core of high permeability mate- 
rial, such as mu-metal. This winding usu- 
ally is connected to the generator on the 
reference, or master engine, which is cus- 
tomarily the one at the extreme left. 
Below the 3-phase coil is a single-phase 
circular stator coil, wound with its axis at 
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Figure 3. Electric circuit diagram of synchro- 
scope 
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Figure 4. Wiring diagram for synchroscope 
and tachometer generators 


right angles to the plane of the 3-phase 
winding. This coil is connected to one of 
the phases of the tachometer generator 
driven by the engine whose speed is 
being compared to the master engine. 

A rotatable shaft and vane assembly of 
high permeability material, and supported 


Pearson—Engine-Synchronism Indtcator 


’ 


by suitable bearings, is placed in the in- 
strument so that it can be acted upon by 
the magnetic fields produced by the two 
stator windings. A pointer on the shaft 
gives visual indication of the condition of 


- synchronism that exists between the two- 


engines in question. This construction, 
embodying two stator coils and a soft-iron 
rotor, is similar somewhat to that used in 
switchboard type synchroscopes.® 


Principle of Operation 


When the master engine is running with 
the synchronism indicator connected as in 
Figure 4, a rotating magnetic field is pro- 
duced by the 3-phase winding. This field 
rotates at the same speed as the engine be- 
cause the 4-pole tachometer-generator 
rotor is driven at one-half engine speed. 
When the engine connected to the single- 


phase coil is running, there is produced in 


this winding a magnetic field that alter- 
nates at a rate equal to the speed of the ~ 
connected engine. : 

As shown in Figure 5, the flux from the 
single-phase winding crosses the air gap to 
the shaft and then travels to the vane. 
After leaving the vane, it passes through 
the 3-phase core and links with the field 
from the 3-phase winding. The flux then 
flows through a washer-and a shield of 
high-permeability material to a second 
washer at the bottom of the single-phase 
coil. From the bottom washer the single- 
phase flux passes to the inner shield, or 
sleeve, which surrounds the shaft, and 
then crosses the air gap to the shaft, com- 
pleting the circuit. All air gaps in this 
circuit are kept as short as possible to hold 
the reluctance to a minimum. 

When the single-phase winding is ener- 
gized, its flux, alternating at a frequency 
proportional to the speed of the engine to. 
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Magnetic circuit diagram of syn~ 
chroscope 


Figure 5. 
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Figure 6. Flux relationships in synchroscope 


A—Engines synchronized 

B—Second engine running slower than master 
engine 

C—Second engine running faster than master 
engine 

a—Magnetic polarity of a point on the upper 

surface of the 3-phase winding 
b—Masnetic polarity of the rotor vane 


Figure 7. Three synchroscope mechanisms in 
a 17/8-inch diameter case 


i 


Figure 8. Five synchroscope mechanisms in 
a 23/4-inch diameter case 
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Paaee of bap rotor 1 Gate to reverse a 


same rate. With the field of the S-phase 4 


winding rotating at a rate praportional to 


the mater engine speed, the rotor as- “2 dj 
_ dicator f 


is a belt pole, a sonith pole ree the a 


phase field is at the same point. Figure ; 


6A shows the flux relationship in the syn- 
chroscope when synchronism exists be- 
tween the two engines. If the flux in the 
shaft-and-vane assembly alternates at the 
same rate as the 3-phase field rotates, the 


synchroscope rotor will remain stationary, 
as the fluxes from the two fields produce 


no rotational forces in the rotor vane. As 


the vane changes from a north to a south” 


pole, the field from the 3-phase winding 
rotates 180 degrees from its previous po- 
sition, so that its south pole is replaced by 
a north pole. 

Figure 6B illustrates the flux relation- 
ship that exists in the instrument when 
the engine being synchronized is running 
slower than the master engine. Under 
these conditions, the rotating field will 
have moved more than 180 degrees by the 
time the vane polarity has changed from 
maximum north to maximum south. The 
vane-and-rotor assembly will rotate coun- 
terclockwise at a speed sufficiently great 
to make up the difference in frequency be- 
tween the two fluxes. This enables the 
two fields to remain locked together. The 
torque which causes the rotation is ob- 
tained from the forces of attraction and 
repulsion produced by the two fields act- 
ing on the rotor vane. 

Figure 6C shows the relative position 
of the two fields that exists in the syn- 
chroscope when the second engine is run- 
ning faster than the master engine. The 
frequency of the single-phase flux is higher 
than the frequency of the 3-phase flux, 
and the rotating field will have moved less 
than 180 degrees when the vane polarity 
has changed from maximum north to 
maximum south. The rotor will turn 
clockwise at a speed great enough to make 
up for the difference in frequency between 
the two fluxes. 


For the typical arrangement of 4-pole 
rotors in generators driven at one-half 
engine speed, the synchroscope rotor will 
turn at a speed equal to the difference be- 
tween the speeds of the two engines. For 
other arrangements, the synchroscope 
rotor will turn at a speed proportional to 
the difference between the speeds of the 
two engines. The pointer at the end of 
the rotor shaft, therefore, gives a visual 
indication of the condition of synchronism 
that exists between the two engines in 
question. To synchronize an engine with 
the master engine, all the pilot need do is 
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Figure 9. Disassembled view of 
chroscope mechanism showing top of 
3-phase winding, top bridge, and rotor 
assembly ; 

J 


plished by an unusually compact instru- 
ment-mechanism design. Figure 7 shows 
three synchroscope mechanisms in a 17/s- 
inch diameter case to provide synchro- 
nism indication for 4-engine planes. Fig- 
ure 8 illustrates five synchroscope mecha- 
nisms in a 2°/,-inch diameter case for 6- 
engine aircraft. If desired, a single mecha- 
nism can be used with a selector switch 
in any multiengine airplane, or it-may be 
incorporated in a dual tachometer indi- 
cator. 

Simplicity of construction and mechani- 
cal sturdiness are desirable features for 
aircraft instruments. These features are 
illustrated by Figure 9 which shows a dis- 
assembled synchroscope mechanism. 
Placing both windings on the stator, thus 
eliminating brushes and all other connec- 
tions to the rotor, permits the synchro- 
scope to be built strongly and yet simply 
enough to allow easy disassembly. Less 
than five minutes are required, using only 
a small screwdriver, to take apart and 
reassemble the complete mechanism. 


Operating Characteristics 


Two primary operating characteristics 
determine how satisfactory a synchro- 
scope is for aircraft applications.® First, 
the rotor should begin to turn when the 
differential speed between the two engines 
being synchronized is 150 rpm or more 
over an engine speed range of 1,400 to 
4,500 rpm. It should continue to rotate 
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until this differential speed has been te- 


duced to zero. Second, when the rotor is 


turning, it should rotate smoothly, espe- 
cially when the differential speed is 5 rpm 
or less. 


‘Smooth operation is dependent on two 
characteristics of the synchroscope. The 


natural period of oscillation of the sys- 


tem, made up of the rotor mass and the 
magnetic coupling between the vane and 
the rotating 3-phase field, must be above 
the maximum speed at which the instru- 
ment is to operate. The strength of the 
3-phase field must be uniform around the 
periphery of the 3-phase winding. If 
these conditions do not exist, erratic op- 


eration of the rotor assembly will occur. 


By keeping the moment of inertia of the 
rotating system as low as possible, and by 
using a toroidal construction for the 3- 


phase core and coil assembly as previously 
described, smooth operation is obtained. 


Figure 10 shows typical starting char- 


Figure 10. Starting characteristics of synchro- 
{ scope at room temperature 


A—Rotor turning clockwise 
B—Rotor turning counterclockwise 
C—Average of A and B 


DIFFERENTIAL STARTING SPEED- R.P.M. 
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acteristics of a synchroscope built accord- 
ing to the design previously discussed. 
Small magnetic irregularities in the in- 
strument add to the starting torque in 
one direction and subtract from it in the 
opposite direction. For this reason, the 
starting characteristics vary slightly, de- 
pending on the direction in which the 
rotor is turning. 

Figure 11 shows the starting character- 
istics of the synchroscope at high and low 
ambient temperature. The torque ex- 
erted on the rotor vane is an inverse func- 
tion of the temperature of the synchro- 
scope windings, as the resistance of the 
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coils is a direct function of their tempera- 
ture. © aN ¥ bs 

To keep the windings at a safe oper- 
ating temperature, and to prevent fogging 
of the instrument cover glass, thetempera- 
ture rise in the instrument must be con- 
sidered. Table I shows these data ob- 
tained on a typical synchroscope sample. 


Table | 
Max ‘ 
Safe Temperature Rise, C 
Room Temp Single 
Time, Temp, Rise, Phase Three Phase Coils 
Hours C Cc Coil AB BC AC 
OV ator 25. een cccciccs Onyesiste 0 @s.c05 4) 
Wa. wert 26. . os 40..... 23.....22 25....18 


Experience obtained from other instru- 
ments indicates that satisfactory service 
will be obtained at these operating tem- 
peratures. 


Application Other Than Aircraft 


While it has been shown that the syn- 
chroscope has a definite aircraft applica- 
tion, its usefulness does not end there. A 
synchronism indicator such as has been 
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discussed can be used for many other ap- 
plications where it is necessary to indi- 
cate or control the difference in the speeds 
of two engines. 

If 3-phase power is not available, a 
conventional split-phase® design such as 
is used with some types of single-phase 
motors can be utilized to operate the 
synchroscope. 

The instrument also can be used as 
a power-factor or phase-angle indicator 
when one winding is excited by a volt- 
age in phase with the supply voltage, and 
the other winding by a voltage in phase 
with the load current. The position 
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taken by the pointer will be a function 


of the phase angle between the voltage 


and current. 


f 


Conclusions 


Visual synchronism indication has been 


shown to contribute appreciably to the 


satisfactory operation of multiengine air- | 
craft. Improved passenger and crew 
comfort, lessened vibrational stresses in 
the aircraft itself, and better flight effi- 
ciency are among these contributions. 

Characteristics of the synchroscope are 
simplicity of construction, ease of main- 
tenance, small size, and low weight. 
These features, coupled with the desirable 
operating characteristics described pre- 
viously, make the synchroscope a useful 
addition to the instrument panels of 
multiengine airplanes. 


Figure 11. Starting chiainetentatics of synchro- 
scope at high and low ambient temperatures 


A—Synchroscope at —55 degrees centigrade 

B—Synchroscope at +25 degrees centi- 
grade 

C—Synchroscope at +71 degrees centi- 
grade 
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~ Nonlinear Commutating Reactors 
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for Rectifiers 
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NE of the prime objectives in rectifier 
development during the past 20 
years has been the decrease in frequency 
of arc-back. The factors involved in arc- 
back have received considerable atten- 
tion, and it now appears that arc-backs 
of typical mercury arc rectifiers are 
caused by the following: 


1. Breakdown of the mercury vapor be- 
cause of inverse voltage. 


2. Conditions favorable for cathode spot 
formation on the anode at the end of the 
commutation period. 


The former cause is not present under 
normal operating conditions, but may 
become effective at excessive vapor pres- 
sures, aS when condensed mercury is 
permitted to come into contact with a 
hot anode. The latter cause has been 
treated in some detail by Kingdon and 
Lawton. 


Phase of Arc-Back 


Kingdon has proposed that the cause 
of arc-back is the charging by positive 
ions of small insulating particles on the 
surface of the anode, thereby causing 
local fields strong enough for runaway 
field emission. The experiments of King- 
don and Lawton on tubes with 1-centi- 
meter anode-grid spacing indicate that 
the probability of commutation arc-backs 
varies with the product of initial in- 
verse voltage and final commutation 
rate. In a structure with close spacing 
between the anode and deionizing mem- 
bers, the rate of ion diffusion during 
commutation is so rapid that the ion 
density at the end of commutation de- 
pends on the rate of change of current at 
the end of commutation. The number 
of ions collected by a particle on the 
anode at the end of commutation de- 
termines its resultant potential. This 
number is proportional to the inverse 
voltage and the density of ionization. 

Hull and Elder have described tests 
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Figure 1. Anode voltage and current in 
3-phase rectifier showing elements of rectifier 


duty 


where the factors were controlled so 
that arc-backs occurred both at com- 
mutation and at later times.2 They 
concluded that practical rectifiers of 
correct design will arc-back at the end 
of commutation rather than some later 
time, unless conditions are favorable for 
glow discharge. 

There is evidence that the causes of 
arc-backs in practical rectifiers lead to a 
distribution of arc-backs throughout the 
inverse period.* A considerable pro- 
portion of these occur at the end of com- 
mutation. Furthermore, it is common 
experience that the probability of arc- 
back at a given load increases with the 
amount of phase retard and that recti- 
fiers having a rating based on a consider- 
able amount of phase retard can be given 
a greater rating with no phase retard. 


Rectifier Duty 
Figure 1 shows the current and voltage 


in one anode of a 3-phase rectifier and the 
quantities involved in anode duty. If 


ARC-~BACK FACTOR 


% VOLTAGE REDUCTION BY PHASE RETARD 


Figure 2. Effect of phase retard and circuit 
reactance on arc-back factor F, 
di, 
Fu =euX dt 
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the effect of residual ionization is denoted 
Led < vo. ad 


by an arc-back factor F,, then 


F,=ey Xdi,/dt 
=2nfery/X_ 


In Kingdon’s experiments the fre- 
quency of arc-back was approximately 
proportional to the tenth power of Fy. It 
will be noted that e, is an important fac- 
tor in rectifier duty and that its effect in- 
creases rapidly when the rectifier is at 
trolled by phase retard. Figure 2 shows 
the effect of phase retard on the arc-back — 
factor. Increase of commutating react-— 
ance results in a decrease in rectifier duty. 
This is not a desirable means for reducing ~ 
duty as increase in reactance results in 
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Figure 3. Commutating reactor in anode 
circuit of rectifier 
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Figure 4, Saturation curve of commutating 
reactor 


increased rectifier regulation and re- 
duced power factor. If the anode cur- 
rent can be “dragged out” or maintained 
at some low value for a sufficient period 
just before the end of commutation, a 
substantial reduction in residual ioniza- 
tion and are-back probability should 
result. 


Action of Commutating Reactor 


A commutating reactor is defined as a 
reactor used primarily to modify the 
rate of current transfer between rectify- 
ing elements. 

A closed core anode reactor having an 
a-c excitation winding, as shown in Figure 
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3, may be used to “‘drag out’’ the anode 
_, current. 


Such a reactor preferably would 
have high permeability below saturation 
and little flux change beyond saturation, 


- asshown in Figure 4. 


4 
5 


Figure 5 shows the circuit action of the 
reactor. When anode conduction be- 


gins, the reactor already is saturated by 


‘the excitation winding in the same di- 
rection as the anode current, so that the 


_ reactor adds relatively little to the com- 


mutating reactance. During the anode 
conducting period, the excitation current 
1, reverses. 

When commutation to the next anode 
occurs, it will proceed normally until the 
anode ampere turns exceed the excitation 
ampere turns just sufficiently to maintain 
saturation of the core in the anode cur- 
rent direction. Further decrease in 
anode current results in desaturation of 
the reactor. The commutating react- 
‘ance then will increase, and the anode 
current will fall slowly at a rate deter- 
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Figure 6. Commutating reactor with excita- 
tion by anode currents 
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Figure 5. Circuit 
action of commuta- 
ting reactor 
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Figure 7. Anode current during commuta- 
tion with commutating reactor 


mined by the saturation curve of the 
reactor and the commutating voltage. 
This will continue for a time wu’ until the 
difference between anode ampere turns 
and excitation ampere turns is such that 
the reactor is saturated in the opposite 
direction, at which time the anode cur- 
rent will fall rapidly the rest of the way 
to zero. 

If the reactor excitation is near the 
knee of the saturation curve, so that the 
“drag out” period w’ ends at a low value 
of anode current, then the residual ioni- 
zation at the end of the conduction period 
will be reduced. The amount of reduc- 
tion will depend on the time wu’. The 
value of uw’ which is needed depends on 
the arc-back factor and the rate of ion 
cleanup, which is a function of the geom- 
etry of the anode and grid structure of 
the rectifier. 


Design of Commutating Reactors 


The relation 2n¢,X10-*=wu’ XE, de- 
termines the product of anode turns and 
core section of the reactor. 


Schmidt, Jr—Nonlinear Commutating Reactors 


Optimum 


J ‘ 


design requires a minimum ratio of 
maximum flux to saturating flux in> 
order to reduce the regulation caused by 
the reactor. The direct voltage loss 
caused by the reactor is given by 


Exc=npf Gee >< 1054 


Since a complete flux reversal occurs 
in a few electrical degrees, a core 
design with low eddy loss is needed, 
otherwise the iron heating will be high 
and a portion of the drag out period will 
be consumed in setting up eddy currents 
in the core structure. : 
Reactor excitation may be obtained 
from a separate a-c source, as shown in 
Figure 3. In this case an impedance is 
needed in the excitation circuit to limit. 
coupling between the anode circuit and 
the excitation circuit during the period 
u’, when a high voltage may be induced 
in the excitation winding. Excitation 
also may be derived from the currents 
in other anodes, as shown in Figure 6. 


Tf the number of turns in the main wind- 


ing is so small that this arrangement 
produces too many excitation ampere 
turns, suitable current transformers may 
be used between the anode circuit and 
the excitation winding. 


Operating Results 


Figure 7 is typical of the anode cur- 
rent with a commutating reactor in the 
anode circuit. A record of this current 
was obtained by placing a small air core 
reactor in series with the commutating 
reactor and measuring the amplified 
voltage across the air core reactor with a 
cathode ray oscilloscope and camera. 
A 1,000-cycle sweep was used and was 
tripped once every 1/60 second so that 
the record covered 1,000 wmicrosec- 
onds. The voltage across the reactor 
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Figure 8. Short time rating of rectifier 


A—Commutating reactors 
B—No commutating reactors 
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anode current. Since the current at the | 


beginning of commutation was known, 
_ the current during commutation could be — 
calculated from the measured rate of 


change. \ 
Figure 8 indicates the gain resulting 


_ from the use of commutating reactors 


when considerable phase retard is em- 
ployed. Curve A taken with com- 
mutating reactors with a drag out time 
of 350 microseconds at 70 per cent volt- 
age reduction shows that no reduction 
in rating is needed for phase control. 
However, a reduction of 40 per cent in 
rating must be applied in going from 15 
to 70 per cent or more voltage reduction 
without reactors. This is shown in curve 


' B. The base load for these curves is the 


maximum load that can be carried with 
15 per cent voltage reduction for a defi- 
nite time without arc-back. 

In this instance it is seen that com- 
mutation arc-backs limit the rectifier 
load both at full and reduced voltages. 
A minor gain is realized by the use of 
commutating reactors at full voltage. 
This becomes a major gain where con- 
siderable voltage control is required. 


Conclusion 


Present day applications of rectifiers 
call for increasing amounts of voltage 
control, in many cases to zero voltage. 
Sustained operation of a rectifier with 
considerable voltage control usually re- 
quires derating of the rectifier, The 
use of commutating reactors eliminates 
such derating. They also may prove 
useful for other cases where high rates of 
commutation are involved, as at fre- 
quencies above 60 cycles. 


Appendix. Nomenclature 


é44=initial inverse voltage of anode at end 
of commutation 

di,/dt=final commutation rate of anode 
current 

u’ = drag out time (seconds) of anode current 
caused by action of commutating 
reactor 

n=turns in anode winding of reactor 

¢; =total flux in reactor at knee of satura- 
tion curve 

g.=total flux in reactor at peak anode 
current 

E,=average commutating voltage during 
drag out period 

1,=excitation current in commutating re- 
actor 

X,=commutating reactance per phase 

p=number of phases in simple rectifier 

f=frequency, cycles per second 
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Synopsis: The use of high voltage appa- 
_ratus in military aircraft made it necessary 


to obtain flashover data on capacitor bush- 
ings at altitudes up to 50,000 feet. Some 
of the more pertinent data are presented in 
this paper which gives a-c and d-c flashover 
voltages for porcelain bushings having 
spacings of 5/8 inch to 27/3 inches from cap 
to ring. The tests were made at both 


normal atmospheric and reduced pressures, | 


but no attempt was made to simulate the 
frosting conditions as encountered in flying. 
Correlations are shown between bushing 
spacings and the effect of pressure change. 
A single correction curvefor pressurechanges 
cannot be used, but a family of curves is 
required for various spacings of insulators 
and electrostatic field configuration. This 
paper shows that the practical use of porce- 
lain insulators is limited to altitudes and 
voltages well below maximum values pro- 
posed for aircraft use. It is recommended 
that solid insulation be used in such a 
manner as to obtain the benefit of its punc- 
ture strength rather than its flashover at 
the more extreme conditions of altitude 
and voltage. 


NTIL RECENTLY the low pres- 

sure flashover strength of communi- 
cation apparatus bushings has received 
little attention. Previous work, such 
as that reported by Bellaschi and Evans,! 
covers large gaps and insulators as re- 
lated to power system operation. More 
fundamental studies of air strength be- 
tween various gaps at low air density 
have been presented by Peek? and by 
Schwaiger and Sorensen.’ 

At the beginning of the war, ignition 
systems were the chief concern and be- 
came rapidly more important with in- 
creasing altitudes and severity of operat- 
ing conditions.‘ This problem was solved 
by proper use of solid insulating materials. 

Concurrently, the tremendous increase 
in air-borne electric apparatus and the 
subsequent increase in aircraft distribution 
voltages brought on many practical 
problems relative to the operation of all 
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tions of aircraft operation. Their 
therefore, was concerned with th 
verse affects of dust, icing, temp atur 
extremes, and moisture as well as much ch 
greater pressure changes than had pre 
viously. been studied, and for relative ly 
low voltages only. 

Toward the end of the war, certain 
high voltage air-borne apparatus, pai 
ticularly radar and communication equip- 
ment, began to offer new elec 
problems unlike any phase of the pre- 
vious work. The flashover strength of 
transformer and capacitor bushings, 
vacuum tube sockets, and similar ap-— 
paratus became a major problem. After 
a cursory investigation, it became ap- 
parent that size and weight of insulators 
required was such that it was impractical _ 
to insulate apparatus for voltages over 
about 5,000 volts at stratosphere air- 
craft operating conditions, which not 
only include extreme altitudes, but very 
rapid changes in temperature and altitude 
with accompanying moisture condensa- 
tion. 

Pressurization of cabins and appara- 
tus compartments has been accepted as 
the most satisfactory means of reducing 
the weight of very high voltage apparatus. 
There remain, however, many marginal 
conditions where pressurization may be 
advantageously or necessarily avoided. 
Choice of the amount of pressurization 
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PRESSURE"IN INCHES OF HG. At e6°F 
Figure 1. National Advisory Committee for 
Aeronautics standard altitude corresponding 


to test chamber pressures at 86 degrees 
Fahrenheit 


or the question of operation in case of 
pressure failure will depend in part upon 
apparatus bushing flashover strength. 
Commercial aircraft will continue to 
operate at moderate altitudes where pres- 
surization is not warranted. Television 
and radio equipment will be operated 
in increasing quantities at moderately 
high elevations where consideration of 
the reduction in flashover strength of 
apparatus bushings caused by reduced 
pressure will be required. 

Previously reported observations of the 
effects of condensation and frosting on 
low voltage systems® are generally ap- 
plicable to the high voltage bushings 
discussed in this paper. That is, unless 
there is moisture condensation on bushing 
surfaces, variations in humidity do not 
affect the breakdown appreciably. 
Neither is the breakdown affected by 
frozen moisture. It is to be noted that 
such factors are of less importance in 
commercial applications where varia- 
tions are neither as extreme nor as rapid, 
and moisture condensation, therefore, 
less likely to occur. The present work is 
concerned primarily with the effects of 
pressure change. All tests were made at 
room temperature with normal variations 
in humidity. Omission of a humidity 
correction seems justified in view of the 
previous work mentioned. 

The National Advisory Committee 
for Aeronautics standard pressure, tem- 
perature, and altitude table generally is 
accepted for aircraft work, This table 
gives a standard pressure and a corre- 
sponding temperature for each elevation. 
The curve shown in Figure 1 gives the 
pressure in inches of mercury (at 86 
degrees Fahrenheit) having the same rela- 
tive air density RAD as the standard 
altitudes shown as ordinates. Thus 
the measured pressure of 4.7 inches is 
seen to correspond to a standard elevation 
of 50,000 feet, which is in turn equal to 
3.4 inches of mercury at the standard 
temperature of — 66 degrees. 
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This transition from room temperature 
test conditions to high altitudes is per- 
mitted by the principle of similitude,? 
which states in effect that for constant 
spacing the breakdown voltage will be 
constant if the ratio of P/T is kept con- 
stant, where P and T are the absolute 
pressure and temperature respectively. 
Since flashover is substantially propor- 
tional’ to relative air density, the follow- 
ing expression may be used to convert 
our manometer readings taken at the 
test temperature of 86 degrees to other 
temperatures and pressures: 


RAD (1) 
- 17.95 X barometric pressure (inches) 
460-+temperature (degrees Fahrenheit) 


Test Equipment and Procedure — 


Most low pressure work previously re- 
ported has been conducted with the speci- 
mens in a nonmetallic container to reduce 
field distortion to a minimum. Since 
it is desirable to test bushings in their 
normal ‘position mounted on the capaci- 


tor, we found it necessary to use a rela- — 


tively large test chamber. Also, since 
capacitors usually are surrounded by 
metal surfaces in practice, it appeared 
logical to use a metal rather than a glass 
chamber used by some previous workers 
testing bushings alone. Capacitor speci- 
mens were placed approximately in the 
center of the tank. r 

The high voltage lead was brought into 
the tank through a single hole in the 
center of the 7/8-inch thick glass cover. 
The capacitor case was grounded to the 
tank in bushing-to-ground tests, while 
the case was insulated and one bushing 
was grounded for the bushing-to-bushing 
tests. 

The direct voltage was supplied 
through a 175,000-ohm resistor by a well- 
filtered rectifier source. A voltmeter 
was connected directly across the speci- 
men and a dip in the voltmeter reading 
was taken as the breakdown point. The 
current was so limited that no apparent 
damage occurred to the specimen, and a 
large number of successive readings could 
be taken without reduction in flashover 
strength. 

The a-c tests were taken on two stand- 
ard test sets, each with a tertiary volt- 
meter winding. All points under 50 kv 
were obtained with a 5-kva 50-kv test 
set using a hand operated induction regu- 
lator, All points above 50-kv were 
taken with a 50-kva 100-kv test set with a 
motor driven induction regulator. The 
wave form conformed to the ASTM 
Standard D 149. 
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Figure 2. Apparatus for determining capaci- 
tor bushing flashover in air at various pressures 


Both alternating and direct voltages 
were raised uniformly at a rate of ap- — 
proximately 10 kv per minute except in 
the case where the motor driven test set 
was used, the voltage of which was 
raised 3 kv per second. 

Pressures were measured by a closed 
tube manometer and a pressure gauge 
calibrated in inches of mercury absolute. 
Corresponding altitude values may be 
obtained by reference to Figure 1 as ex- 
plained. 


Bushing Specimens 


These tests were conducted on six 
typical capacitor bushings shown in 
Figure 3. All except the gasket sealed 
bushing A were of the ‘‘Solder-Seal” 
metal to porcelain type. They were 
mounted on conventional capacitor cases 
with working elements omitted. Leads 
attached to the top of the bushings were 
allowed to assume normal positions 
touching the inside walls of the bushing 
at random. The leads were clipped off 
one inch below the bottom of the bushing 
and were prevented from flashing over 
inside by filling the capacitor case with 
Inerteen.* 

The bushing size and location and 
the case dimensions are all commensu- 
rate for typical d-c capacitors designed 
to operate at sea level. Table I gives 
the major dimensions of the bushings 
shown in Figure 3 and the covers on 
which they were mounted. 


Summary of Data 


The mounting ring on the ‘‘Solder- 
Seal” bushing presents a smooth well- 
rounded surface, while the cap has rela- 


Chlorinated diphenyl. 
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Figure 3. Capacitor bushings tested 


Dimensions are shown in Table | 


tively sharp edges but no burrs. Never- 
theless, most streamers seem to form on 


the lower ring, and breakdown voltages 


seem relatively unaffected by rounding 
of the edges on the cap. This suggests 
that the high field intensity at the base of 
the bushing was a controlling factor in 
the breakdown mechanism. Most flash- 
overs were observed to occur between the 
cap and the mounting ring at 1/16 inch 
or more from the porcelain and rarely 
seemed to follow the bushing surface. 

The bushings tested differ in form as 
well as height; however, each is of typical 
configuration for its height. It seemed 
logical, therefore, to plot curves as a func- 
tion of height although it is known that 
the breakdown is partially dependent on 
diameter and shape. To have all bush- 
ings straight sided and of one diameter 
would make the test academically cor- 
rect, but of less practical value. Tight- 
string distance was measured between 
cap and mounting ring. 

No special efforts were made to avoid 
ordinary variations in the height of 
liquid or position of the wire inside the 
bushings, or other normal factors affect- 
ing the breakdown voltages. The rela- 
tively large spread in flashover, compared 
to sphere gaps tested in a uniform field, 
attests to the effect of these variables. 
Especially at very low pressures, these 
normal variations in construction may 
cause unexpectedly large variations in 
flashover. The data are sufficiently 
consistent to warrant drawing the curves 
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Table I. Major Pimensione of Bushings , 
is 


Flashover ' 
(Tight-String) Diameter 
v Distance (Maximum) 
Bushing Figure in Inches in Inches 
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* Bushing E is similar to F except that the former has only two corrugations. 


shown, but seemed to indicate the de- 
sirability of testing capacitors or similar 
apparatus at actual working pressures. 

Bushing to case flashover tests were 
made first on all six bushings with a-c 
and both polarities of direct voltage. 
The data in Figure 4 were obtained by 
evacuating the chamber, then making a 
series of tests at four or more pressures, 
each time admitting air to obtain the 
pressure desired and taking at least five 
flashover readings after the pressure had 
become stable at the new value. All 
points were plotted and smooth curves 
were drawn through them. Similar 
smooth curves were drawn for a-c and 
positive d-c tests on each bushing. 
However, only the data for the d-c nega- 
tive flashover tests are shown since they 
happen to be more conservative at the 
lower pressures than the values obtained 
for the d-c positive flashover tests. 


D-C FLASHOVER VOLTAGE — KV 


ie} 6 12 18 24 30 
PRESSURE IN INCHES OF HG AT 86 F 


Figure 4. Negative d-c flashover—pressure 
curves for six bushings tested 


Dimensions are shown in Table | 
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Points corresponding to each of the 
pressures on the curves of Figures 5 and 
were taken from the smooth curves drawn 
through the original test points. These 
latter curves of flashover versus striking 
distance, therefore, ignore differences be- 
tween the various bushings, but show 
clearly how spacing affects flashover at 
the various pressures. From these curves 
it is seen to be increasingly difficult to — 
develop high flashover voltage by in- 
creasing the bushing size at greatly re- 
duced pressure. The curve for 4.7 _ 
inches of mercury clearly illustrates why 
about 5,000 volts is a logical maximum 
voltage for any apparatus bushing oper-_ 
ated at or near 50,000 feet. An enor- 
mous increase in bushing size would be — 
required to double the flashover voltage. — 

It is noted that the crest a-c values 
are somewhat lower than either positive 
or negative d-c breakdown values at 


D-C FLASHOVER VOLTAGE — KV 


STRIKING DISTANCE — INCHES 


Figure 5. Negative direct voltage required to 
flash bushings over to case 


ELECTRICAL ENGINEERING 


A-C FLASHOVER VOLTAGE KV RMS 


O-G FLASHOVER VOLTAGE-K V- 


PRESSURE IN INCHES OF HG AT 86 F 


TIGHT-STRING DISTANCE — INCHES 


Figure 6. A-c terminal-to-case flashover 
voltage 


PRESSURE IN INCHES OF HG. AT 86° F 


STRIKING DISTANCE IN INCHES. 


Figure 7. Negative d-c bushing-to-bushing 
flashover versus spacing 


high pressures. This discrepancy is con- 
trary to Berberich’s experience in which 
the peak a-c is higher than d-c values.® 
It is believed that this apparent discrep- 
ancy is caused by differences in configura- 
tion, both of the field and of the bushings 
themselves. 

A second set of tests was made with 
the same capacitor bushings mounted as 
described previously, except that the 
voltage was applied from bushing to 
bushing instead of from bushing to-case. 
The flashover values are shown in Figures 
7 and 8. Electrostatic fields were as- 
sumed to be largely responsible for the 
considerable rounding of these curves at 
large spacings. 

In order to check the possible relation- 
ship between sphere gaps, point gaps, 
and bushings, the curve in Figure 9 was 
drawn. From this curve it can be seen 
that while sphere and point gap flash- 
overs are practically straight lines at 
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sea-level, they flatten out considerably 
at lower pressures. The bushing to 
bushing flashover values at 3.4 inches of 
mercury are intermediate between point 
and sphere gap values, as might be ex- 
pected. However, one would not expect 
the bushing flashover values to fall below 
those of a point gap. This peculiarity 
also is believed to be caused by nonuni- 
formity of the fieldsurrounding the capaci- 
tor bushings. This explanation is sub- 
stantiated by a wide variation in flash- 
over voltages of several bushings spaced 
about the same distance apart, but of 
different heights. 

Ratios of from three to five between 
sea-level and 45,000-foot altitude flash- 
over voltages found in our work are higher 
than the 2.7 to 3.7 ratios found by De- 
Lerno® in working with smaller gaps. 

Table II gives the d-c rated voltage of 
several capacitors and the flashover volt- 
ages taken from the curves for bushings 
of a size which one would expect to use 
for high altitude operation. As can be 
seen, the actual flashover voltages at 
45,000 feet are wellabove therated values. 
For comparison, a column is added show- 
ing the sea-level test voltage of twice the 
rated voltage, times 3.7, plus 1,000 volts. 
It is obvious that the substitution of our 
maximum ratio of 5 for the 3.7, giving 
ten times rated voltage plus 1,000 volts, 
would be nearer the actual sea-level 
flashover of these particular bushings. 
However, such a rule would have to be 
qualified to account for the change in 
ratio which increasés rapidly at large 
spacings. Furthermore, these sea-level 
voltages are far higher than could be with- 
stood by the solid insulation used in 
practice on most apparatus. 


Conclusions 


1. Our investigations indicate that changes 
in flashover voltages do not vary in any 
simple manner with changes in pressure. 
Ratios of low pressure to high pressure 
flashover voltages vary considerably with 
bushing size and configuration, surrounding 


Table Il. Flashover and Test Voltages for 
Several High Altitude Capacitor Bushings 


Ex- Actual Twice 
pected Flash- Rated 
Bushing Flash- over Voltage 
Flashover over Volt- Times 
Voltage Voltage age 3.7, 
Rated Distance at at Plus 
Direct in 45,000 Sea- 1,000 
Voltage Inches Feet* Level Volts 
BOE S S854 18 /ig.... 7,000. ..25,000....12,000 
3000 tats 13/is .... 7,500. ..33,000....23,200 
AOC, 4 ges 5 113/13, ...10,500. . .57,500....38,000 


* Computed for NACA standard altitude from 
curves taken at 86 degrees Fahrenheit. 
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PRESSURE IN INGHES OF HG. AT 86°F. 


A-C FLASHOVER VOLTAGE- KV RMS 


STRIKING DISTANCE IN INCHES 


Figure 8. A-c bushing-to-bushing flashover 
voltage versus spacing 


A- 6.25 CM SPHERES 


B-FLASHOVER BE- 
TWEEN BUSHINGS 


C-I5 F POINTS ON 
Vg-INCH RODS 


A-C FLASHOVER VOLTAGE —KV RMS 


STRIKING DISTANCE — INCHES 


Figure 9. A-c bushing-to-bushing flashover 
voltages showing relationships to sphere and 
point gaps with corresponding spacings 


field, and other factors so that very definite 
relationships cannot be established. 


2. Since the sea-level flashover voltage of 
most bushings designed for operation at 
50,000 feet is far higher than can be with- 
stood by the solid insulation of the appa- 
ratus, it appears best to test the completed 
apparatus in a low pressure chamber to 
assure proper safety factors at high alti- 
tudes. This is particularly true for capaci- 
tors because the location of the lead wire 
and the height of the liquid inside the bush- 
ing, and other factors markedly affecting 
the field change the flashover, especially at 
very low pressures. 


3. The flashover voltage-distance curves 
for very high altitudes (50,000 feet) are so 
flat that it is apparent that no reasonable 
spacing will permit the use of bushings or 
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Gratonia! roman the many obvious ad- 
vantages of ship propulsion drives with 
synchronous motors and generators, and 
with power supplied by Diesel engines, have 
been realized for some time, no actual in- 
stallations were made in this country until 
a few years ago when a trial installation was 
completed on a 12,000 horsepower twin- 
screw vessel. Experience gained from opera- 
tion of this vessel has established that this 
type of drive in many respects is superior to 
other drives, and indications are that it 
may find extensive use on future vessels. 
The paper discusses control problems as- 
sociated with the drive and describes meth- 
ods of control and types of control equip- 
ment which have been found best suited 
for the drive. 


URING the last 25 years, a rapidly 


increasing number of naval and 
merchant vessels has been equipped with 
‘ electric propulsion equipment, until by 
now more than 2,000 American vessels 
are electrically propelled. Primary 
power for the propulsion motors is sup- 
plied by Diesel engines or steam turbines 
coupled to electric generators. Up to 
the present time, with very few excep- 
tions, all Diesel engine powered ships 
have d-c generators and motors, while 
synchronous generators and motors are 
used for steam-turbine drives. 

The third possibility of using syn- 
chronous machines and Diesel engine 
prime movers for propulsion has been 
under considerable discussion for years. 


This type of drive has many obvious 
merits, but anticipated operating diffi- 
culties, especially during maneuvering, 
delayed actual installations on American 
vessels for several years, Finally in 
1940, with the encouragement of various 
manufacturing concerns, plans were pre- 
pared and an order placed for a trial in- 
stallation on a twin-screw vessel to dem- 
onstrate the practicability of the drive. 

The vessel, which was completed in 
1942, has two 5,900-horsepower 2,400- 
volt 3-phase synchronous propulsion 
motors. Power is supplied by eight 
1,600-horsepower Diesel engines direct 
connected to 1,150-kva generators. The 
experience gained during sea trials and, 
through actual operation of the vessel for 
three years has proved conclusively that 
this type of drive not only is practical 
but in many respects is superior to similar 
drives using d-c equipment. There also 
is a good possibility that it may offer 
strong competition to turbine- electric 
drives for many applications. 

Among the advantages of the drive, 
the following can be mentioned: 


1. Synchronous machines weigh less and 
cost less than d-c machines of the same 
rating and their efficiency is higher. 


2. Synchronous machines are more reli- 
able and easier to maintain than d-c 
machines. 


38.. Machines with higher voltage can be 
used, thereby causing a reduction in cables 


air insulation appreciably above 5,000 volts. 
Connectors taking advantage of solid insu- 
lation puncture strength, similar to those 
used in aircraft ignition systems, should be 
developed if higher voltages are encountered 
at extreme altitudes. 


4. The curves shown represent the con- 
servative averages of a great many tests 
made under practical conditions, and it is 
believed that they will serve as a guide in 
the selection of porcelain bushings falling 
within the scope of our work. 
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electric Hele on Nessele = 2 
by steam turbines, thereby i in 
the bulky and highly vulnerable | i 
plants on these vessels. The use of two of 
more Diesel-electric generating in- 
stead of one larger turbine-electric unit wil 

give additional flexibility and reliabilit a] 
the propulsion drive. , > 4 


In view of the above, it is couteae 
believed that Diesel-electric synchrono US 
motor propulsion drives will be used ex- 
tensively on future electrically propelled 
vessels. A brief discussion of problems, 
type of equipment, and method of control 
applying to the drives, therefore, should. 
be of interest to a great many people who 
in some way are connected with the build- — 
ing or operation of ships. 


Diesel Engines 


} 
t 
} 


Diesel engines for propulsion service, 
through constant improvements, have 
attained the high degree of dependability, 
efficiency, and durability required for — 
this service. The output and speed of : 
the engines have been raised steadily, 
and engines with a continuous rating of 
2,000 horsepower at 800 rpm are now 
available. Engines of considerably 
higher rating and speed are under de- 
velopment and should be available in 
the near future. The engines operate 
satisfactorily at speeds as low as 30 per 
cent of rated speed. They develop rated 
torque down to 50 to 60 per cent 
speed, but at lower speeds the torque 
will be reduced gradually to as low as 
60 per cent of rated torque at 30 per 
cent speed. 

The engine speed is controlled by 
governors of the hydraulic type. As a 
protection against overloading, the gov- 
ernors will automatically limit the amount 
of fuel which is admitted to the engine 
per stroke. This amount decreases at 
low speeds so that the maximum torque, 
at any speed, will not exceed’ a safe 
value for continuous operation. If the 
torque is exceeded the engines will slow 
down and unload themselves. 

The speed of the engines is adjusted 
remotely from the propulsion control 
board. A master speed control trans- 
mitter, coupled to the speed lever, serves 
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devices are available for the speed con- 
trol. Since the engines must operate in 
parallel at the same speed, means must 
be provided to equalize the engine load- 
ing. This may be performed automati- 
cally or by means of manual vernier speed 
_ control transmitters on the control board. 
_ Starting and reversal of the propulsion 
motor are performed with the engines 

tunning at minimum speed. For satis- 
“actory performance the engines must de- 
he the highest possible torque during 
_ this period. The torque limitation, im- 
posed on the engines by the governor 
_ action, therefore, is removed by energizing 
_ of magnetic solenoids provided on the 
‘engine governors for this purpose. This 
_ will raise the engine torque to a maximum 
_ value on the order of 85 per cent of rated 
- torque, which can be delivered for short 
a periods without causing damage. 


_ Motor Starting Torque 
_ During maneuvering periods, when the 
' propulsion motor is being started or re- 
versed, the motor operates as a squirrel 
cage induction motor with the de-en- 
_ ergized field connected in series with a 
starting resistor. To develop the neces- 
sary starting and synchronizing torque, 
the motor must be provided with heavy 
_ damper windings and the associated 
_ generators must be overexcited with 200 
to 300 per cent normal field current. 
The motor torque is a combination of two 
individual components. One component 
is produced by the current induced in 
_ the damper winding while the other com- 
- ponent is produced by the current induced 
in the field coils. The value of the latter 
component is a function of the value of 
the starting resistance. 


Typical curves, representing the two 
torque components and the resultant 
torque as a function of the resistor value, 
are shown in Figure 1 for 30 per cent 

_ generator speed. It will be noted that 
the peak value of the field torque com- 
ponents Bl, B2, and B3 is practically 
independent of the resistor value but oc- 
curs at different motor slips. The start- 
ing resistor value should be selected so 
that a maximum resultant motor torque 
will be developed at the highest motor slip 
at which successful synchronizing is 
possible. The resultant torque curve 

C2 fulfills this requirement. Under cer- 
tain conditions it may be necessary to 
bring the motor up to a maximum speed 
with one resistor value, and then increase 
the speed further by shorting out part of 
the resistor before synchronizing is 
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possible. The peak value of the com- 
bined torque occurs at 35 to 50 per cent: 
motor slip and should not be less than 50 
to 60 per cent of full load torque when all 
generators are in service and overex- 
cited. 


Torque Margin 


Torque margin for an electric propul- 
sion drive is defined as the difference be- 
tween the torque required by the pro- 
peller for normal full power running and 
the torque at which the motor pulls out 
of step, expressed as a percentage of the 
propeller torque. 

For Diesel-electric drives, a torque 
margin of 10 to 15 per cent at normal 
generator and motor excitation is suffi- 
cient. This low torque margin is per- 
missible because of the torque limiting 
feature of modern engine governors. 
When operating the vessel in rough 
weather or during periods of acceleration 
the propeller torque requirement fre- 
quently exceeds the pull-out torque. 


OIE G m6 


MIN SPEED 
FOR SYNCHRONIZING 


PER CENT MOTOR RPM 


MAX TORQUE AT 
SYNCHRONIZING 
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Figure 1. Curves showing the starting torque 
of a synchronous motor as a function of motor 
speed for different values of starting resistance 


A—Torque developed by damper winding 
B—Torque developed by motor field winding 
B1—Low starting resistance 

B2—Medium starting resistance 

B3—Hisgh starting resistance 

C—Total motor torque 

C1i—Low starting resistance 

C2—Medium starting resistance 

C3—Hisgh starting resistance 
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‘Since the engines cannot develop a torque 


of this value, however, the result is only 


a momentary reduction in engine and 


motor speed and a corresponding reduc- 
tion in the propeller torque requirement, 
but the motor will not pull out of step. 
The transient increase in propeller torque 
builds up at a relatively slow rate, and the 
inertia of engines and generators is so 
low that the engine speed reduces fast 
enough to prevent the actual occurrence 
of torques higher than the pull-out value. 

This is in contrast to conditions en- 
countered on steam turbine drives. The 
torque developed by a turbine cannot 
conveniently be limited by governor ac- 
tion, and may easily exceed rated torque. 
Furthermore, the turbine inertia is 
relatively high and its speed cannot be 
reduced fast enough to prevent occur- 
rence of transient torques, exceeding the 
pull-out torque, even though the tur- 
bine torque was limited. For this rea- 
son, the torque margin built into motors 
and generators for turbine-electric drives 
must be increased, causing an increase 
in weight and dimensions, or provisions 
must be made to increase automatically 
the pull-out torque whenever required. 
This is accomplished by a momentary 
increase in motor and generator excita- 
tion. 


Dynamic Braking 


Typical curves for propeller torque 
requirements during reversal of a vessel 
with four propulsion generators are shown 
in Figure 2. It will be noted that the 
peak propeller torque, which occurs be- 
fore the motor stops, actually is higher 
than the torque required to hold the 
motor at standstill. This peak torque 
is of particular interest because it occurs 
at a point where the available motor 
torque is low and, in most instances, is 
not sufficient to overcome the peak torque. 

To illustrate this condition, a series of 
curves representing the available motor 
torque for two, three, and four generators, 
operating at 30 per cent speed, have been 
shown for comparison. Examination of 
the curves discloses that the propeller 
cannot be stopped by motor torque alone, 
even with four generators in service, and 
that the condition is equally adverse for 
2-generator operation, although the pro- 
peller torque is reduced, as a result of the 
lower ship speed in this case. 

To stop the propeller preparatory to a 
reversal, two methods are available: 


1. Permit the vessel to slow down without 
power on the motor until the propeller 
torque is reduced below the corresponding 
motor torque at all speed points, and then 
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{ 
apply reverse power. 
for the slow-down, however, is excessive, 


especially for large vessels, and this method — 


is not acceptable. . 


2. Stop the motor by dynamic braking. 

By this means the motor can be brought to 

practically standstill and reverse power ap- 
' plied in a few seconds. Since the additional 

equipment, required for dynamic braking, 

is relatively inexpensive, this method should 

be incorporated on all drives of this type as 
-a means for reducing the time required for 
motor reversal. 


Dynamic braking of the motor is pro- 
duced by connecting a 3-phase resistor to 
the motor terminals and energizing the 
motor field with normal field current. 
The effect of the value of the braking 
resistance on the braking torque is illus- 
trated in Figure 3, where curves are shown 
for braking torque as a function of motor 
speed for three different resistance values. 
It.will be noted that the value of the peak 


braking torque is practically independent — 


of the resistance value. However, the 
torque peak occurs at a higher motor 


speed when the resistance value is in- 


creased. : 

The propeller torque curve for maxi- 
mum ship speed also is shown to illus- 
trate the relation between this torque and 
the braking torque. The points of in- 
tersection of the curves give the minimum 
value to which the motor speed will be 
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Figure 2. Curves showing motor and pro- 
peller torque as a function of motor speed 
during reversals; vessel moving at full speed 


ahead 

A1—Propeller torque, four generators in 
service 

A2—Propeller torque, two generators in 
service 


B—Torque developed by propulsion motor 
B2—Two generators in service 

B3—Three generators in service 

B4—Four generators in service 
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The time required 


reduced fot different atts of Aiene 
resistance. The speed decreases with 
decreasing resistance value. For very 
low resistance values, however, the brak- 
ing torque is not sufficient to overcome 
the propeller torque at higher motor 
speeds, as illustrated by curve Al, and 
the motor speed will not be reduced below 
speed C. This must be kept in mind 
when designing the starting resistor, 
and a check should be made to ascertain 
that the braking torque is higher than 
the motor torque at all speeds, as illus- 
trated by curve A2. 


General Control Scheme 


A complete propulsion plant consists of 
two or more Diesel engines directly con- 
nected to synchronous generators, a syn- 
chronous propulsion motor, an excitation 
supply, and the propulsion control equip- 
ment. 

The method of control is very simple 
and should not vary greatly for different 
installations. The general description 
given in this paper gives a fairly complete 
picture of the type of equipment, con- 
trol scheme, and operating procedure for 
most installations. A simplified sche- 
matic diagram of a typical control scheme 
is shown in Figure 4 for a synchronous 
drive with three generators. 

Any combination of the generators can 
be connected to a common generator 
bus by means of three high voltage con- 
tactor groups. The contactors for gen- 
erator number one are numbered 1G1, 
1G2, and 1G3. The motor can be con- 
nected to the same bus by means of re- 
versing contactors Rl to R4, of which 
R2 and R3 close for “ahead” operation 
and R1 and R4 close for ‘“‘astern’” or 
“back” operation. Quick stopping of 
the motor is made possible by connecting 
a dynamic braking resistor to the motor 
terminals by the closing of contactors R5 
to R7. 

The excitation for the propulsion ma- 
chinery is supplied by a’motor-generator 
set with separate exciters for motor and 
generator excitation. The exciter fields 
are energized from a constant voltage 
control bus through a magnetic field con- 
tactor F, which remains closed for normal 
operation. The generator and motor ex- 
citer fields are energized by the closing 
of starting switches S4 and S6. The 
generator and motor fields are connected 
to the associated exciter busses by means 
of field switches as shown. When a 
field is de-energized, it is connected to a 
discharge or starting resistor to prevent 
high inductive voltage peaks. 

The cooling of the field coils becomes 
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serserat le 75 per cent of norm: 
the speed lever is moved from the ‘ ast” 


to the “slow” speed position. The 
‘rheostats are shorted by means of starter 


switches S5 and S7 during the starting 


period when maximum . excitation is 
needed to obtain the required starting | 


and synchronizing torques. The genera- 


tor exciter voltage must be raised to 200 © 
to 300 per cent of normal during this pe- 


: 
; 


For the sake of simplicity ese is assumed — 


riod. A resistor is connected in series with 
the generator exciter rheostat to reduce 
the exciter to voltage 4 porns when 
switch .S5 opens in the “run’”’ position. 


that all contactors and switches, shown — 
in the diagram, are of the cam operated © 
type arranged in groups and controlled — 
manually by means of operating levers — 
in a control stand at the front of the 
control board. A diagram of the control — 


stand is shown in Figure 5. 
Incorrect operation of the starting 
levers is prevented by means of mechani- 


« 


cal interlocking as indicated in the lever — 


diagram. The purpose of the interlock- 
ing is as follows: 


1. The motor speed lever and the starter 
lever are interlocked to prevent starting of 
the motor unless the engine speed is a mini- 
mum. It also is necessary to reduce the 
speed to a minimum before stopping the 
motor. 
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Figure 3. Curves showing dynamic braking 

torque as a function of motor speed for 
different values of braking resistance 


A—Dynamic braking torque 

A1—Low dynamic braking resistance 

A2—Medium dynamic braking resistance 

A3—High dynamic braking resistance 

Propeller torque, vessel moving at full 
speed ahead 


ELECTRICAL ENGINEERING 


2. The starter lever and the reverser lever 
are interlocked to prevent moving the starter 


lever from the ‘‘stop’”’ position, unless the 
reverser lever is in the ‘‘ahead”’ or the ‘‘back”’ 
position. Inversely, the reverser lever can- 
not be moved unless the starter lever is in 
the “‘stop” position. Since, in this case, 
the speed lever must be in the slow speed 
position, it follows that the reversing con- 
tactors cannot be operated unless the gen- 
erator speed is a minimum and the genera- 
tor field is de-energized. The operating 
duty of the contactors, therefore, is consider- 
ably lightened. 


A speed control transmitter is con- 
nected to the speed lever for the purpose 
of controlling the speed of the engines 
and, consequently, of the motor over the 
speed range. Exciter rheostats, required 
for reduction of generator and motor 
“excitation at reduced speeds, also are 
coupled to the lever. 


Motor Starting 


The generators, which will be used for 
propulsion, are connected to the genera- 
tor bus by placing the generator levers in 
the ‘‘run” position while the engines are 
running at idling speed. The generator 
field switches (1G4 and 1G5 for generator 
number one) close and connect the fields 
to the exciter, which, however, is de- 
energized since the starter lever is in the 
“stop” position and switch S4 is open. 
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Figure 4. Simplified schematic 
control diagram for synchronous 
motor propulsion drive 


’ 


The generators,” therefore, will not be 
synchronized but will run at approxi- 
mately equal speeds determined by the 
master speed control transmitter. 

As the next step, the reverser lever is 
moved to the ‘‘ahead” position, thereby 
closing contactors R2 and R3 and connect- 
ing the motor armature to the generator 
bus. Although motor field switches S1 
and S2 are closed, the motor field remains 
de-energized since exciter field switches 
56, S7,and R8 are open. 

Actual starting of the motor takes 
place when the starting lever is moved to 
the ‘‘start 1” position. Motor field 
switches .S1 and S2 open and the start- 
ing resistor is connected in the field cir- 
cuit by the closing of switch S3. Switch 
S7 closes and applies maximum excita- 
tion to the motor exciter in preparation 
for the motor synchronizing. Simul- 
taneously, the generator fields become 
overexcited since switches S4 and S5 
close. Although there may be a consid- 
erable difference in the speed of the Diesel 
engines, the synchronizing torque re- 
sulting from the overexcitation is sufh- 
cient to pull the generators into step and 
cause synchronization. Following this, 
the motor starts up as a squirrel-cage 
induction motor and accelerates gradu- 
ally to near synchronous speed. 

When the motor approaches synchro- 
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nous speed, the main motor current drops 
sharply from an almost constant high 


- value during the accelerating period and — 


thereby furnishes an indication that the 
motor may be synchronized. At this 
point, the starter lever is moved to the 
“start 2” position. Switches S1 and S2 
close and connect the motor field to the 
previously excited motor exciter. Switch 
S3 opens and interrupts the circuit to the 
starting resistor. As a result the motor 
becomes energized and begins operating 
as a synchronous motor. After a few 
seconds hesitation the starter lever is 
moved tothe “‘run’’ position. Switches $5 
and S7 open and reduce motor and genera- 
tor excitation to normal. The motor 
speed now may be adjusted to any de- 
sired value by means of the speed lever 
which controls the engine speed control 
master transmitter. 


Discussion of Motor 
Starting Sequence 


The starting sequence, outlined above 
is unorthodox and probably will be ques- 
tioned. When first confronted with the 
problem it would seem more logical first to 
synchronize and overexcite the genera- 
tors, connected to the generator bus, and 
then to start the motor by connecting it to 
the energized bus. This method is not 
satisfactory, however, for reasons as out- 
lined as follows. 

Before starting the motor, the engines 
run unloaded at a speed only slightly 
higher than their minimum stable speed, 
and the amount of fuel oil, admitted to 
the engines by the governors, is very low. 
When connecting the motor to the over- 
excited generator bus, there will be a se- 
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Diagram of lever operating stand 
with mechanical interlocking 


Figure 5. 
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in the generator loading and a correspond- 


_ ing rapid reduction in engine speed. The 
governors, consequently, will function to 
- increase the amount of fuel oil and the en- 
gine torque, but this action is not instan- 
taneous. During the time required to in- 
crease the engine torque sufficiently to 
equal the generator torque, the engine 
speed frequently will drop below the 
stable speed and stalling results. 


However, when the generators are ener- 


gized after the motor is connected to the 
generator bus, the loading increases 
gradually because of the time constants 
of exciter and generator fields. The re- 
sponse of the governors is sufficiently fast 
to follow the load increase, and there is no 
appreciable reduction in engine speed, and 
stalling of the engines is prevented. 


Motor Reversal 


To reverse the propulsion motor when 
the vessel is making considerable head- 
way, generators and motor first must be 
de-energized by moving the speed lever to 
the “‘slow’’ position and the starter lever 
to the ‘‘stop”’ position. The motor now 
will idle at approximately 70 per cent of 
normal speed, but is brought quickly to 
practically standstill by placing the re- 
verser lever in the “dynamic braking” posi- 
tion. Contactors R5, R6, and R7 close 
and connect the braking resistor to the 
motor terminals. At the same time, 
switch R8 closes and applies maximum 
excitation to the motor field. 

As soon as the motor stops, the reverser 
lever is moved to'the “‘back”’ position and 
the starter lever is moved successively to 
the ‘‘start 1,’ the “‘start 2,’ and finally to 
the run position. The motor starts up in 
the same sequence as described for normal 
starting except that the phase rotation is 
reversed. 


Control Problems 
During Reversal 


When making a reversal, the speed of 
the engines and generators must be re- 
duced to a minimum, since the torque re- 
quirement of the motor at synchronizing 
speed otherwise would become excessive. 
This presents a serious problem because 
the engine torque is reduced at low speeds, 
and also because the engine operates so 
close to the minimum stable speed that a 
momentary drop in speed may cause 
stalling. 

To improve conditions, the torque 
limitation is removed during maneuvering 
by energizing solenoids on the governors. 
This will raise the engine torque to 85 per 
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tained for short periods. The torque re- 


quirement, however, exceeds even the in-— 


creased engine torque during full power 


reversals (crash stop) and causes stalling 


unless special precautions are taken. The 
critical 
where a reversal is attempted with a re- 
duced number of engines. Even normal 
starting from standstill then may cause 
stalling. 

To obtain a clear elotaee of the prob- 
lems involved, curves representing pro- 
peller, motor, and engine torques as a 
function of motor speed are shown in Fig- 
ure 6. Curve Al represents the propeller 
torque when the vessel is moving ahead 
at full power speed. A2 and A3 are 
similar curves for reduced ship speeds. 
Curve B1 represents the torque developed 
by the motor at 250 per cent generator ex- 
citation and 30 per cent engine speed. B2 
and B3 are similar curves for reduced 
generator excitation. The torque required 
by the engines to produce the correspond- 
ing motor torque is represented by curves 
Cl, C2, and C3. It should be noted that 
the motor torque, as shown, is a function 
only of the electrical characteristics of 
motor and generators and has no relation 
to the propeller torque requirements. The 
difference between motor and propeller 
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Figure 6. Curves showing propeller, motor, 
and engine torque as a function of motor 
speed during reversals 


A—Propeller torque 

A1—100 per cent ship speed 

A2— 85 per cent ship speed 

A3— 70 per cent ship speed 

B—Propulsion motor torque 

B1—250 per cent generator excitation 

B2—900 per cent generator excitation 

B3—150 per cent generator excitation 

C—Engine torques corresponding to above 

motor torques 

D—Generator field current required to main- 

tain maximum engine torque 
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réduced _ rednctioll of pect ‘peri ; 
excitation to match the available 
cent engine torque. The motor torq! ie 
available for acceleration 1 of the propeller, 

of course, is reduced correspondingly, sah 
illustrated. 

When reverse power is applied Pa 
motor, after it has been brought to nearly 
standstill by means of dynamic braking, 
the reduced torque is sufficient only to 
raise the reverse motor speed to less than 
ten per cent where the curve for available 
motor torque intersects curve Al. From 
this point on, the motor speed increases 
gradually as the ship speed is reduced, and 
reaches close to synchronizing speed at 70 
per cent ship speed. The generator field — 
current required to maintain 85 per cent — 
engine torque in the accelerating period is — 
represented by curve D. 

The vessel slows down surprisingly fast 
as a result of the combined braking effect — 
of hull friction and the reverse propeller — 
thrust, and the time required to accelerate — 
the motor to synchronizing speed is not — 
excessive. The head reach of a vessel with 
this type of drive compares favorably 
with the value obtained for similar vessels 
with d-c drives. 


Automatic Torque Control 


Satisfactory operation during maneu- 
vering to prevent engine stalling requires 
automatic control of the generator field 
current. The current must be maintained 
at the highest value possible without caus- 
ing reduction of the engine speed below a 
permissible minimum value. 

A suitable control to meet this require- 
ment is illustrated in the schematic dia- 
gram, Figure 7, A small permanent mag- 
net d-c pilot generator PG is driven by a 
3-phase induction motor, connected to the 
generator bus through a step-down trans- 
former. The pilot generator voltage is a 
measure of the main generator frequency 
and, consequently, of the engine speed. 
Also coupled to the motor is a regulating 
exciter RE provided with a self-exciting 
field and a separate control field. A re- 
sistor in the self-exciting field circuit is ad- 
justed so that the generator voltage is zero 
when the control field current is zero, but 
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_ The pilot ‘generator is connected in 


trol bus, and the voltage difteretice im ap- 
plied to the control field. The bias volt- 
_ age is adjusted to equal the pilot generator 
voltage when the engine speed is 30 per 
cent of normal. At higher engine speed, 
the generator voltage exceeds the bias 
_ voltage, but current flow through the con- 
“trol field is prevented by a rectifier block. 
if the engine speed drops as the result of 
excessive torque requirement, the bias 
_ voltage exceeds the generator voltage and 
a current will flow through the control 
field i in a direction as indicated. The re- 

sulting exciter voltage bucks the control 
: _ bus voltage in the generator exciter field 

circuit and reduces the field current. This 

_ causes a corresponding reduction in main 


“generator excitation and engine torque 
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LEVER 
aannaeceea 


[stop | | | | 


ENGINE SPEED 


until stability is regained. The function- 
ing of the torque regulating equipment is 
illustrated in Figure 7 by a series of curves 
showing the relative values of the excita- 
tion and control voltages as the engine 
speed decreases. 

Torque control is required only until 
the motor is synchronized, and the regu- 
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lating equipment is disconnected when 
the starter lever is moved to the “run” 
position by the opening of switches S10 to 
S15. The de-energized rototrol is by- 
passed by switch S9. The governor 
solenoids M1 and M2, which serve to in- 
crease the engine torque during the ma- 
neuvering period, are de-energized and nor- 
mal governor function restored by the 
opening of switch S11 when the starter 
lever is moved to the “run” position. 


Paralleling of Generators 


When, during normal operation with 
one or more generators in service, it be- 
comes necessary to increase the power 
output by connecting an additional gener- 
ator to the bus, the first step is to start the 
associated engine and adjust its speed to 
approximately the same speed as the en- 
gines in service by connecting the gover- 
nor actuator to the master speed control 
transmitter. The next step is to move the 


RHEOSTAT 
COUPLED To 
SPEED LEVER 


Figure 7. Schematic diagram of 
automatic engine torque regula- 
tion 


RE—Regulating exciter 
PG—Permanent field pilot genera- 


[START 2 [O|O!O]_|ololOlo|o} tor 
CU Co) A Co) M1, M2—Engine governor sole- 
noids 


generator lever to the ‘‘start’” position, 
thereby connecting the generator arma- 
ture to the bus, while the de-energized 
generator field is connected to a field 
resistor (see Figure 4). The generator 
as a consequence, will run as a squirrel 
cage induction motor and will be forced 
into near synchronism with the other 
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generators. When, as the third step, the 
generator lever is moved to the “run” 
‘position, the generator becomes suetatzed 
and pulls into step. ; 
To make possible this simple method of 
synchronizing, the same consideration 
must be given to the design of damper — 
winding and field resistor for the genera- 
tors as for the propulsion motor. With 
correct design, the synchronizing is very 
positive and it actually is possible, as has 
beendemonstrated,tostart an engine from - 
standstill. If the engine starting lever 
previously has been placed in the ‘‘run”’ 
position, the engine will start automati- 
cally and begin to deliver power simply by 
advancing the generator lever to the 
“start”’ and then to the ‘“‘run”’ position. 


Operation at Subsynchronous 
Speeds 


The minimum propeller speed possible 
with synchronous motor operation is 


PERCENT MOTOR RPM 


100 


80 
PERCENT TORQUE 


Figure 8. Operation of propulsion motor at 
subsynchronous speeds 


Curves B1 to B5 show motor torque as a func- 
tion of speed for different values of generator 
excitation. B1 is for minimum excitation, B5 is 
for overexcitation, A is propeller torque 
curve for steady running condition 


limited by the minimum stable engine 
speed to approximately 30 per cent of 
normal speed. On a 20-knot vessel, the 
minimum steady speed will be in excess of 
six knots. This speed is somewhat high, 
and it is desirable to operate at lower 
speed on some classes of vessels. 

This is accomplished by operating the 
motor as a squirrel cage induction motor 
at subsynchronous speed. The motor 
speed is controlled by adjustment of the 
generator excitation below its normal 
value, while the de-energized motor field 
is connected to the starting resistor. 

Motor torque curves for several values 
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of generator excitation are shown in Fig- 
ure 8. The intersections between these 


curves and the propeller torque curve give , 


the values of the corresponding motor 
speeds for steady running. To prevent 
overheating of motor and generators as a 
result of high magnetizing and damper 


winding losses, the generator excitation, 


must be reduced considerably below nor- 
mal value for continuous operation. 
Operation at speeds between the mini- 
mum synchronous speed and 70 per cent 
of this value, therefore, is not possible. 
One speed point at approximately 50 per 
cent of minimum synchronous speed or 15 


pulsion plant, therefore, is not possible, 
and, since the equipment is under prac- 
tically constant supervision when the 
vessel is under way, normal overload pro- 
tection is not provided. It is only neces- 
sary to protect the main circuits against 
open circuits and short circuits which 
occur more frequently than on land in- 
stallation because of the severe operating 
conditions. 

Phase balance relays in each generator 
circuit are provided as a protection 
against this type of fault. The relays trip 
on a phase unbalance caused by short cir- 
cuits or open circuits, but are insensitive 


Figure 9. Typical propulsion control board mounted on engine builder's test floor 


per cent of maximum motor speed should 
be sufficient. To permit operation at this 
speed, the starter lever has an additional 
position between ‘‘stop” and “‘start 1” 
positions, in which a field resistor is in- 
serted in the generator exciter field cir- 
cuit. For satisfactory operation at least 
50 per cent of the generators must be in 
service. 


Protection 


The power requirement of a propulsion 
motor is a function of the propeller speed 
for any given installation with minor 
changes caused by the condition of the 
hull. The motors are designed to supply 
the necessary torque for the maximum 
propeller speed and, consequently, cannot 
be overloaded as long as this speed is not 
exceeded, .The Diesel engines are de- 
signed to supply the rated generator out- 
put within a narrow margin, thereby pre- 
cluding overloading of the generators. 

Serious overloading of an electric pro- 
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to the high currents in the circuits during 
maneuvering. The relay contacts are con- 
nected in the coil circuit of a magnetic 
field contactor and will open and de-ener- 
gize motor and generators when a fault 
occurs. The main contactors, therefore, 
are not required to open short-circuit cur- 
rents. The contact PB of a phase balance 
relay is shown in diagram, Figure 4. To 
reset the field contactor after the fault has 
been cleared, the starter lever must be 
moved momentarily to the “‘stop’’ posi- 
tion when switch S8 closes. 


Design of Control Boards 


The control boards are of the metal en- 
closed dead front type and should have 
separate compartments for high and low 
voltage apparatus if space permits. In 
accordance with standard marine prac- 
tice, the main and field contactors are 
usually of the manually operated type for 
the sake of reliability. Pneumatically or 
magnetically operated contactors, how- 
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ever, may be more suitable in many J 
stances, especially on large installations 
since this permits mounting of switch 
units in convenient locations remote from 
the main control station. More positive 
operation is also possible than with 
manual switching. ; 
Manual contactors usually are operated 
by cam shafts, connected mechanically to 
the operating levers. On installations 
with pneumatically or magnetically oper- 
ated contactors, master switches are pro- 
vided for remote control of the contactors. 
It may be found desirable to retain the 
lever operating stand also for this type of 


10. A 2,500-volt 1,500-ampere 


Figure 
cam-operated trip-free propulsion contactor 


control and connect the master switches 
to the levers. This also simplifies the 
problem of providing the necessary 
mechanical interlocking. A control board 
of this type is shown mounted on the en- 
gine builder’s test floor in Figure 9. 

The high voltage main contactors 
should be of the air break type. They are 
required to interrupt normal generator 
and motor currents but not short-circuit 
currents. When the contactors are of the 
manual type, it may be necessary to pro- 
vide trip-free features on the generator 
contactors to permit remote tripping from 
the engine gauge boards of associated con- 
tactors in case of engine failure. A typical 
2,500-volt 1,500-ampere cam-operated 
trip-free type contactor is shown in Figure 
10. 
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@ePHE LOAD CAPACITY of mercury 
Bi arc rectifiers must be known in order 
to utilize them to fullest extent and best 
Bec vantage. Knowledge of the factors af- 
_ fecting rectifier capacity and the relations 
_ between them has increased so that it is 
: now possible to specify the rectifier 
_ Capacity in definite terms. 
e: Mercury arc rectifier tubes (or tanks) 
are manufactured only in a limited num- 
_ ber of types and sizes. A large variety of 
fectifier units of different ratings and 
characteristics may be made up from com- 
binations of one or more similar tubes. 
_ Information regarding the capacity and 
characteristics of each tube (or tank) is 
‘essential to the design and application 
_ of such mercury arc power converters. It 
2 is the purpose of this paper to describe the 

load-time and volt-ampere character- 
istics of typical mercury arc tubes of the 
_ignitron type and discuss the relations be- 

tween these characteristics and the fac- 
tors affecting them. The control and 
_ other characteristics of mercury arc tubes 
_ will be treated in a companion paper.’ 

The load carrying ability of a mercury 
pool tube may be limited by arc-back, 
voltage surges, loss of control, structural 
failure, or other action. Of these causes, 

-are-back is generally determining as it 
‘imposes a basic limitation on the rectify- 
ing action involving fundamental proc- 
esses in the arc discharge. The limita- 
tion in rectifier capacity caused by arc- 
back is different in nature from the ther- 
mal load limitations of most electric 
machinery in that it usually results in an 
impairment in reliability, rather than any 
permanent electrical or structural dam- 
age. Furthermore, it is somewhat in- 
definite because of the random occurrence 
of arc-back and the complexity and lack 
of full understanding of the are processes. 

Temperature rise does not provide a 

‘measure of the loading on a mercury pool 
tube or indicate its probable life. How- 
ever, the operating temperature of the 
tube does affect its capacity, as it controls 
the mercury vapor pressure and estab- 
lishes conditions for the are discharge. 
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Thermal limitations of essential com- 
ponents, such as seals, studs, grids, also 
may affect rectifier capacity, although 
such limitations are usually readily diag- 
nosed and easily surmounted. 

As with most electric apparatus, time is 
an important factor in rectifier capacity, 
since the short time capabilities are dif- 
ferent from those for continuous opera- 
tion at a steady sustained load. The time 
required for a mercury pool tube to reach 


4199, 


Figure 1. Cross section of 
i 3 sealed ignitron 


Figure 2. Cross section of 
pumped _ _ignitron _—with 
double grids 
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final temperatures is usually short be- 
cause of the low thermal capacity of its 
parts. Furthermore, the time required to 
establish conditions favorable to the 
occurrence of arc-back involves all the 
factors affecting the are action, of which 
temperature is but one. For these reasons _ 
the relation between magnitude and dura- 
tion of the limiting load of rectifier tubes 
differs materially from that for other 
types of conversion equipment. 


Definition of Loading 


The loading on a rectifying device may 
be described in terms of the magnitude 
and wave form of the current and voltage 
impressed upon it during a cycle. The 
loading is the sum of the effects of both 
separate and concurrent action of current 
and voltage. Inasmuch as the rectifying 
device performs only a switching action, 
the magnitude and wave form of the cur- 
rent and voltage depend almost entirely 
on the power circuit. The loading im- 
posed upon the rectifying device by the 
circuit is termed the circuit duty.? 

The capacity of a rectifying device 
may be expressed in terms of the circuit . 
duty that it is capable of withstanding 
without failure. Some of the more im- 
portant elements of the circuit duty are 
as follows: 


1. Voltage—peak inverse and forward 
voltage; initial inverse voltage. 


2. Current—average, peak, and rms cur- 
rent; final commutation rate. 


3. Frequency (of a-c system). 


4. Duration of loading. 


Circuits differ in the amount of duty 
they imposé upon the rectifying device be- 
cause of differences in magnitude and 
form of the current and voltage waves. 
Also, the various elements of circuit duty 
have different weightings relative to the 
over-all loading on the rectifier. Since 
the effects of the various elements of cir- 
cuit duty upon rectifier capacity are toa 
large degree mutually dependent, it is 
necessary to state the rectifier capacity 
for several different types of circuit duty 
in order to fully describe its capabilities. 

It is often more convenient to state the 
rectifier capacity in terms of factors more 
directly related to the circuit constants 
and performance characteristics than in 
the elements of circuit duty. Some of 
these factors are: 

1. Mode of operation (number of rectifier 
phases). 

2. Direct voltage. 

3. Direct current. 

4, Amount of phase control. 

5 


Reactance. 
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3. Results 
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A full statement of rectifier capacity 


also must include the capabilities and 
limitations under loadings of one cycle 
duration, that is, the fault current capac- 
ity. This capacity is defined as the crest 
value of current which the rectifying 
element can carry without incurring volt- 
age surges during the conduction period 
or arc-back in the succeeding inverse 
period. 


Determination of Capacity 


The design of mercury arc rectifiers is 
based to a large degree on experimental 
data obtained from tests. As a conse- 
quence, each new design requires exten- 
sive tests to check its adequacy and de- 
termine its capabilities. 

Rectifier capacity is determined from 
load test which consist in operating the 
rectifier under loads of increasing severity 
until failure occurs. 


Load tests may be made on either a 


complete unit with a full complement of 
tubes, or on a section with only enough 
tubes to obtain the desired circuit ac- 
tion. Accelerated load tests have been 
termed load limit tests, and the procedure 


limit tests on six 
sealed ignitrons 
Dots indicate  arc- 
back 


for making them has been described in a 
previous paper.* 

Typical load limit test data are pre- 
sented for the two ignitron tubes shown 
in Figures 1 and 2. Figure 1 shows a 
sectional view of a sealed ignitron and 
Figure 2 illustrates a sectional view of a 
pumped ignitron with double grids. Load 
limit data obtained with six sealed tubes 
connected to a double-Y transformer are 
shown on Figure 3. Similar data for three 
pumped ignitrons connected to a single 
Y are given in Figure 4. 

The fault current capacity is deter- 
mined from short-circuit tests which may 
be made either on a complete unit or a 
single tube. The testing procedure con- 
sists in increasing the current on succes- 
sive trials until failure occurs.* Typical 
fault current test results are shown in 
Figure 5, which gives data for a sealed 
ignitron. 


Characteristic Curves 


Rectifier capacity usually is presented 
in the form of load—-time curves, with the 
load given in amperes and with the other 
factors determining the load entered as 
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Figure 4, Results of load 
limit tests on three pumped 
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ignitrons with double grids 


Arrows indicate limit of test- 
ing facilities 
Dots indicate arc-back 
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parameters. These curves may be draw 
directly from the data obtained on lo 
limit tests, as the usual procedure is t 
make tests at a given voltage and v. 
loading by changing the load current. 

Load-time curves for the sealed ig- 
nitron are shown in Figure 6 and for the 
pumped ignitron on Figure7. The load- 
time curves are plotted most conveniently 
on a semilogarithmic scale because of the 
short thermal time constant of the tube 
and the short duration of the accelerated 
load limit tests. Values for the 30- minute 
and 2-hour points on the curves are ob- 
tained from the 30-minute load limit 
tests,* which are made by increasing the 
load by a fixed increment every half hour. 
The 30-minute point is then the highest 
load which was carried successfully with- 
out are-back, and the 2-hour point is 
taken as the load three increments below. 
The load—-time curves are usually almost 
straight lines, so values for times longer 
than two hours may be estimated by ex- 
trapolation. Final thermal conditions 
usually are attained in less than four 
hours, and experience has shown that the 
continuous capacity of rectifier tubes does 
not differ greatly from their 4-hour capa- 
bilities. The load capabilities indicated 
by these curves are limited by arc-back. 
Where structural features are limiting, dif- 
ferent load time relations may be obtained. 

A load-time curve may be drawn for 
each condition of rectifier operation, such 
as voltage, phase control, reactance, 
temperature, mode of operation. A com- 
plete statement of rectifier capacity there- 
fore requires several families of loadtime 
curves. However, it is frequently de- 
sirable to indicate the effect of the other 
load factors directly. The relationships 
between some of these factors and recti- 
fier capacity follow. 


VOLTAGE 


A given mercury pool tube may be 
operated over a wide voltage range. The 
load capacity in amperes decreases as the 


* Previously designated continuous load limit tests. 
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Figure 5. Fault current capacity of sealec 
ignitron 
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Figure 6. Load-time characteristics of a sealed ignitron 


f 

operating voltage is raised. However, the 

reduction in current capacity is usually 

less than the increase in voltage, in that 
the kilowatt capacity of a rectifier is gen- 
erally increased as the operating voltage 

‘is raised. 

_ These characteristics are shown best by 
plotting the rectifier capacity as a volt 
ampere relationship on a logarithmic 
scale, as in Figure 8. The volt am- 
pere characteristics of both the sealed 

-ignitron and the pumped ignitron are 
shown. Both have a greater slope than 

the constant kilowatt curve, indicating 
an increase in kilowatt capacity as the 
voltage is raised. Adequate data to es- 
tablish the volt ampere characteristics as 
fully as might be desired are not available. 


PHASE CONTROL 


The effect of phase control upon the 
capacity of certain types of tubes is shown 


directly by the load limit data in Figures 
3 and 4, These curves indicate a reduc- 
tion in 30-minute current capacity when 


large amounts of phase control are ap- ° 


plied. The percentage phase control is de- 
fined as the percentage reduction in out- 
put voltage. eS 


TEMPERATURE 


The rectifier usually is operated at its 
optimum temperature as determined by 
load limit tests. The operating tempera- 
ture or temperature range, therefore, must 
be included with data on rectifier capac- 


ity. 
MODE OF OPERATION 


The relative effects of the various ele- 
ments of circuit duty upon rectifier capac- 
ity have not beenestablished. Therefore, 
it is not possible to predict accurately 
the rectifier capacity for one mode of 


Figure 8. Volt am- 
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Figure 7. lLoad-time characteristics of a 
pumped ignitron with double grids 


Table I. List of Typical Tube Ratings 
Rated Output* 
Tube Type Class = 
and of Kilo- Am- 
Description Service watts Volts peres 
Type A_ igni- { 150.. 250..° 600 
ERO ivedik Industrial. . 200.. 600.. 333 
Type B igni- { 300.. 250..1,200 
tron crow ok Industrial. . 500.. 600.. 833 
Type C igni- 
tron sche. Industrial... 8,100..9,000.. 900 
Type D igni- { 600.. 250..2,400 
LOM Saiheara ste Industrial.. (1,000., 600..1,666 
Type E igni- { 1,000.. 250..4,000 
trots ws tts Industrial... (2,000.. 600. .3,330 
Type F igni- 
trondiaa Railway 4,000. .3,000. .1,333 
(Classes 
II and 
III) 
Type G igni- { 1,500.. 250. .6,000 
EOL 5: SMe Mie Industrial. . (3,000.. 600..5,000 


* Rating of six tubes in double-Y circuit. 


with double grids 
C—Constant kilowatt 
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operation from data obtained for another. 
Most rectifier applications employ cir- 
cuits having the mode of operation of the 

-double-Y circuit, and tests usually are 
taken using this circuit. 

Research has indicated the importance 
of the arc phenomena occurring during the 
initial part of the inverse cycle.4 The 
mode of operation, voltage, current, re- 
actance, phase control, and frequency are 
all factors entering in this action. Our 
knowledge of this phase of rectifier be- 
havior is not sufficiently complete to per- 
‘mit a complete treatment of these factors 
at this time. 


Application 


In the application of data on rectifier 
capacity as obtained from load limit tests 
to the design of a rectifier unit a margin 
must be allowed between the rated or 
anticipated load and the capacity indi- 
cated by tests. This tolerance must be 
provided to cover the following contin- 
gencies: 

1. Differences between normal and ac- 
celerated loading. It must be recognized 
that load limit tests are short time or ac- 
celerated tests and do not duplicate accu- 


rately all the effects of sustained operation in 
service. 


2. Differences in circuit duty. Where 
load limit tests are made on a set of three 
tubes, the circuit duty may be less than that 
incurred on a complete rectifier circuit. 


3. Transformer unbalance. Unbalanced 
transformer reactances may cause unequal 
tube currents. Transformers usually are 
designed to permit an unbalance in neu- 
tral currents not exceeding five per cent. 
(The per cent unbalance is defined as 
the ratio of the difference between actual 
and rated neutral current to rated neutral 
current.) 


4, Service requirements. The require- 
ments of various applications differ with re- 
spect to reliability, depending upon the eco- 
nomic penalties or operational hazards in- 
curred by the occurrence of arc-back. 


The amount of the margin will depend 
upon judgment and experience involving 
the above factors. 


Sizes and Ratings 


Table I gives a list of typical tube rat- 
ings for some of the ignitron tubes now 
available. 

As the same tube may be used over a 
wide range of voltages and may be ap- 
plied to different kinds of service, such a 
listing does not completely describe its 
capabilities. 

A fuller description of the tube capa- 
bilities is provided by rating curves of 
the type shown in Figure 9. 
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Synopsis: Silvered mica capacitors, be- 
cause of their inherently high capacitance 
stability with temperature changes and 
with age, now are used widely in oscillators, 
networks, and other frequency determining 
circuits in the Bell Telephone System. 
Their use in place of the previous dry stack 
type, consisting of alternate layers of mica 
and foil clamped under high pressures, has 
made possible considerable manufacturing 
economies in addition to improving the 
transmission performance of carrier tele- 
phone circuits. These economies are the 
result of their relatively simple unit con- 
struction and the ease of adjustment to the 
very close capacitance tolerance required. 


RESENT DAY carrier telephone 

systems are placing special demands 
on capacitors used in frequency deter- 
mining and frequency sensitive circuits 
with particular ermphasis on initial pre- 
cision, low a-c losses, and high capaci- 
tance stability with temperature and time. 
In these systems mica capacitors are 
used in the oscillating circuits and also 
are used extensively in the electric filters 
employed to segregate the numerous and 
closely spaced carrier frequency channels. 
For these applications the transmission 
potentials applied to capacitors are quite 
low and in general do not exceed a few 
volts. These capacitors, however, must 
meet very stringent requirements for 
capacitance tolerance at the time of 
manufacture, and any subsequent changes 
in capacitance caused by temperature 
changes and age must be held to ex- 
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tremely low values to insure high q 
transmission for the systems. As a 
sult considerable effort has been expende 
by the Bell Telephone Laboratorie 
the Western Electric Company in 
development of designs of mica capaci 
which would lend themselves to lai 
scale economical production, and at 
same time provide high initial pr 
of capacitance and high capa 
stability over long periods of time 
service operating conditions. To ‘meet 
these exacting demands, mica capacitors 
having sprayed silver electrodes inti- 
mately bonded to the mica lamination: 
were developed and introduced sever: 
years ago into the Bell System in quan- 
tities to replace the former less stable 
and more expensive designs. 

As a matter of historical interest : 
silvered mica capacitors were manu- 
factured by the Western Electric Com- 
pany and: used in the Bell System more 
than 40 years ago as capacitor stand- 
ards in laboratory measurement work. 
These silvered mica capacitors were 
made by the relatively expensive method 
of chemical deposition of the silver on 
the mica. 


inder 
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Conclusions 


A truly comprehensive statement of 
tube capabilities directly in terms of the 
elements of circuit duty is recognized as 
an ultimate objective. This objective is 
not fully possible with our present knowl- 
edge. 

However, a procedure for the descrip- 
tion of the load capabilities and limita- 
tations of mercury pool tubes has been 
outlined, and a convenient and useful 
form for the presentation of such informa- 
tion has been developed. The adoption of 
a standard form for the specification of 
tube capacity will help application and 
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operating engineers prepare specifications 
for tubes which are to be used in rec- 
tifier equipment. 
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ysical Construction 


Figure 1 illustrates the former type of 


ca capacitor. In this construction 
alternate layers of mica and tinned cop- 
foil are held together under high 
ressure by a clamping arrangement. 
e unit is maintained in a sealed and 
impregnated condition by potting in a 
al container in a viscous asphaltic 
pound which does not penetrate the 


Figure 1. 


unit appreciably even in its fluid state. 
~ Two distinct types of silvered mica 
capacitors were developed for general 
lise in carrier telephone systems. One 
type known as the potted design was 
provided for applications where the 
highestinitial precisionand highest capaci- 
tance stability are required for services 
involving a limited range in operating 
temperature usually from about 60 to 100 
degrees Fahrenheit. These capacitors are 
provided in several sizes of extruded non- 
magnetic containers and provide for any 
desired capacitance value up to 0.4 
microfarad. The other type is provided 
with mica filled molded bakelite casings 
and was developed for applications where 
small physical size is essential, but where 


SECTION B-B 


Figure 4. Multiple unit construction 
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the higher initial precision and higher 
capacitance stability of the potted types 
are not required. This type is provided 
in three physical sizes to cover a capaci- 
tance range from a few micromicro- 


_farads up to approximately 20,000 micro- 


> 


microfarads. A more detailed descrip- 
tion of the construction of these two ae 
of capacitors will be given. 

Figure 2 shows the area of the mica 
lamination covered by the silver elec- 
trode. This area is coated with a suit- 
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SECTION A-A 
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MICA LAMINATION 


Dry stack mica capacitor units 


SILVERED AREA 
Figure 2. Silvered 
mica lamination 


| 


able silver solution by spraying after 
masking the areas required for margins. 
The laminations then are fired at a high 
temperature for a short period to form a 
tight bond between the silver and mica. 
The laminations then are stacked, as 
shown in Figure 3, with a continuous strip 
of lead foil F interleaved between silvered 
surfaces so that one set of silver elec- 
trodes is joined electrically together and 
to the foil. Another strip of foil like- 
wise is connected to the other set of 


SHESSSSSSYQ 
% | 

' 
| WN |) 
SSSSS JN 
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electrodes on the opposite faces of the 
laminations. The purpose of looping- 
in the foil instead of using separately 
laid-in strips of foil is to permit a con- 
tinuous indication of capacitance during 
stacking by means of a precise capaci- 
tance meter connected to the ends of the 
foil. 
made roughly by adding a sufficient num- 
ber of laminations so that the measured 
value is somewhat larger than required. 
Terminals T then are crimped tightly 


BACKING STRIP 
FOR SUPPORT 


Figure 3. Silvered mica unit construction 


over the ends of the foil to the mica stack 
to complete the unit assembly. The 
assembled unit of the potted capacitor 


after drying and coating with a thin layer 


of mineral wax, then is finally adjusted 
to close tolerance by removing the silver 
coating as required from the upper ex- 
posed surface shown in Figure 3. This 
has made possible the provision of capaci- 
tors meeting commercial tolerances of 
+(0.2%-+2 micromicrofarads) after be- 
ing potted in wax in metallic containers. 
The molded case capacitor units are 
treated and adjusted in the same manner 
except that the wax dipping is omitted 
and the final adjustment prior to molding 
is accomplished by removing silver coat- 
ing from the top lamination in a dry condi- 
tion. Because of less predictable capaci- 


tance shift caused by molding the best 
commercial tolerance for molded capaci- 
tors is + (0.5 per cent + 1 micromicro- 
farad). 


To insure high over-all quality 
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SECTION C-C 


Figure 5. Series unit construction 


TRANSACTIONS 


Adjustment for capacitance first is 


ha 


a Figure 6. Molded silvered mica capacitors in current production 


PER CENT VARIATION OF CAPACI- 
TANCE FROM 100 KC VALUE 


and performance all assembly operations 
are carried out in air-conditioned space 
where the relative humidity is maintained 
under 40 per cent at 75 degrees Fahrenheit. 

Two or more of these unit assemblies 
are joined together mechanically and elec- 
trically to provide for the higher capaci- 
tances for the potted designs, as shown by 
Figure 4. For applications, such as line 
filters where high surge voltages may be 
encountered, several sections are con- 
nected in series, as shown in Figure 5. 

In the case of the molded design, only 
single units are employed in the assembly 
because of the high molding pressures. 


Figure 9. Variation of Q with frequency for 
potted silvered and dry stack mica capacitors 


1 =silvered mica, 0.026 pf 
9=dry stack mica, 0.026 uf 


Figure 7 (right). Potted silvered mica capacitors in current pro- 
duction 


Figure 8. Variation 


of capacitance with 
frequency 
1a=potted  silvered 
mica, 0.01 yf 
1b=molded silvered 
mica, 0.01 pf 
1c=potted dry stack 
mica, 0.01 uf 
Q9=same as 1, except 
0.001 uf 


The three sizes are shown in Figure 6. 
Figure 7 shows the five sizes of the wax 
potted designs in extruded containers 
which are provided for use in the Bell* 
System plant. 


Electrical and Performance 
Characteristics 


The following discussion will deal with 
the more important electrical character- 
istics of dry stack and silvered mica types 
of capacitors and will cover data obtained 
on commercially made samples considered 
to be typical for these two types. Figure 
8 shows the variation of capacitance with 
frequency over a frequency range of 5 to 
1,000 ke for potted dry stack, potted 
silvered mica, and molded silvered mica 
capacitors of 0.01 and 0.001 microfarad 
capacitance. The capacitance change 


Ey 


shown up to about 200 ke for the large 
capacitance value and up to about 400 k 
for the smaller value is dependent on t 
dielectric coefficient of the mica itself. — 
will be noted that this change is within 
per cent. At higher frequencies h 
capacitance increases because of the effec 
of series inductance mainly contribute 
by the terminals. In the case of capac: 
tors intended for operation at high fi 
quencies, the effect of this inductane 
must be taken into account and prope 
allowance made for it where high capac: 
tance precision is required. 

Figure 9 shows the change in Q wit 
frequency of 0.026 microfarad dry stac 
and silvered mica potted capacitors frot 
1 ke to 100 ke, and Figure 10 shows th 
change in Q of 0.001 microfarad potte 
and molded silvered mica capacitors frot 
5 to 1,000ke. The average Q of the si 
vered mica potted design is higher, and th 
variation of Q with frequency is somewhé 
less than that of the dry stack design. 1 
is believed that the inherently higher Q « 
of the silvered mica design results fro. 
reduced losses caused by the eliminatic 
of asphaltic potting compound and elim 
nation of absorbed hydrocarbon materie 
as well as small traces of water vapor fro 
the surface of the mica by the very hig 


Figure 10. Variation of Q with frequen 
for potted and molded silvered mica capacite 


1 =potted silvered mica, 0.001 pf 
29=molded silvered mica, 0.001 pf 
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Figure 11. Variation of capacitance with temperature 


a 
firing temperature. The Q of the potted 
ivered mica also is higher than that for 
the molded capacitor of the same capaci- 
tance value. The dielectric losses in the 
phenolic casing and some contamination 
of the unit from the liberation of vapors 
during molding probably account for the 
lower Q of the latter. 
_ Typical changes of capacitance with 
temperature for the molded and potted 
types are shown in Figure 11. It illus- 
trates a pronounced difference between 
the molded and dry stack potted types 
as compared to the potted silvered mica 
construction. In the case of the molded 
and dry stack potted types, the change of 
capacitance with temperature primarily 
is caused by changes in the physical di- 
mensions of the unit. These changes are 
such as to produce a positive temperature 
coefficient throughout the entire tempera- 
turerange. In the case of the wax treated 
and wax potted silvered mica capacitors, 
the capacitance changes with temperature 
ate caused by changes in the physical di- 


Figure 13. Variation of modulation with 
frequency 


1 =potted silvered mica 
2=molded silvered mica 
3 =potted dry stack mica 
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1 =potted silvered mica, 0.01 pf, 10 kc 
“it 2=molded silvered mica, 0.01 uf, 10 ke 
ee 3=potted dry stack mica, 0.01 uf, 10 ke 
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PER CENT VARIATION OF CAPACI- 
TANCE FROM INITIAL VALUE 


mensions of the unit and also by the ef- 
fect of the wax, having a high negative 
temperature coefficient, on the fringing 
capacitance of the unit. As a result the 
temperature coefficent is positive up to 
about 60 degrees and is negative above 
approximately 80 degrees. Between 60 
and 100 degrees, the usual operating 
temperature range for central office in- 
stallations, the temperature coefficient 


' is extremely low. 


Figure 12 shows the variations in ca- 
pacitance of a typical potted silvered mica 
capacitor and also, for comparison, the 
same characteristic for a typical dry stack 
potted capacitor with repeated changes in 
temperature from room temperature to 
125 degrees. The drift in capacitance re- 
sulting from repeated temperature cycles 
is caused by such conditions as small per- 
manent displacement of the laminations 
in the assembly, small changes in the ef- 
fective separation of the electrodes, and 
possibly small changes in the effective di- 
electric constant. Figure 12 illustrates 
how the drift in capacitance caused by the 
foregoing conditions, is minimized in the 
silvered mica capacitors. Data indicate 
that the potted silvered mica capacitors, 
also are more uniform from sample to 
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1=potted silvered mica 
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Figure 12. Variation of capacitance with temperature cycling 


2=potted dry stack mica 


‘sample in over-all capacitance stability, 


the extreme variations being one-fourth’ 
to one-fifth the magnitude of the varia- 
tions observed with the dry stack design 
over the usual central office temperature 
range. In the case of the molded capaci- 
tors, while the average capacitance 
changes caused by drift as well as tem- 
perature coefficient are less than for the 
dry stack type, their capacitance changes 
have been found to be approximately 
double those of the potted silvered mica 
designs under the same conditons. 
Figures 13 and 14 show the third order 

modulation characteristics for the potted 
and molded types. This characteristic isa 
measure of the capacitor’s creation of new 
and unwanted frequencies while trans- 
mitting frequencies impressed upon it. 
In the case of capacitors, the creation 
of unwanted frequencies is the result of 
nonlinear effects caused by mechanical 
vibration and dielectric hysteresis. Un- 


Figure 14. Variation of modulation with 
applied voltage 


1 =potted silvered mica 
2=molded silvered mica 
3=potted dry stack mica 
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N THE PAST FEW YEARS, with the 

heavy demands made on power sys- 
tems, an increased interest has developed 
in network analyzers for public utility 
use. This has resulted in installation of 
several new analyzers and design or plan- 
ning of others. In line with this trend, 
the Iowa State College has been active in 
developing and constructing an analyzer 
for use by utilities of the midwest area. 
Following general educational policy, the 
work was undertaken as a research project 
of the Iowa Engineering Experiment Sta- 
tion to determine the feasibility of apply- 
ing new equipment and new techniques in 
improving the design of the a-c network 
analyzer. 

In beginning the work, investigations 
were made which established a major 
premise, namely, that higher frequencies 
than those employed in the past could be 
used profitably. However, if frequencies 
are carried higher than previously, con- 
ventional instruments become inappli- 


less these unwanted frequencies are held 
to very low energy levels as compared to 
the energy levels of the desired frequen- 
cies, in some cases less than one part in 
ten billion (100 decibels), crosstalk be- 
tween carrier channels or noise or both 
seriously may impair high fidelity trans- 
mission of carrier telephone systems. 
It will be observed that over the fre- 
quency and voltage range shown, the 
silvered mica potted capacitors are ap- 
proximately 15 decibels better than the 
molded designs. It is believed that this 
is because of the damping of mechani- 
cal vibration by the wax in the potted 
designs. 


Conclusions 


Current practice in the design of carrier 
telephone and other communication sys- 
tems is imposing special requirements on 
capacitors used in frequency sensitive cir- 
cuits. The exacting requirements of wire 
communication usually are not encoun- 
tered to the same extent in other fields of 
communication engineering. The multi- 
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cable, and it is necessary to adopt as a 
corollary to the major premise, that com- 
plete electronic instrumentation will be 
desirable. As an additional advantage for 
this system, the instrument burden on the 
network can be reduced to a desirable 
minimum, and no longer serves as 4 major 
design limit on currents, voltages, and 
impedances employed. 

One reason for raising frequency was a 
desire to draw on the techniques and ap- 
paratus common to electronics and radio, 
to determine if an amalgamation of the 
power and radio fields might lead to an 
improved design. Power levels used in 


network analyzers are approximately 
Bi te Se ee 


Paper 46-135, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 
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plicity of channels on a single pair of con- 
ductors, the large number of elements in- 
volved in a long circuit, and the constant 
use of these channels for years without ad- 
justment or replacement of circuit ele- 
ments impose very stringent require- 
ments on capacitance tolerance at the 
time of manufacture, and on permissible 
changein capacitance subsequent tomanu- 
facture, to insure high fidelity transmis- 
sion of voice and similar signals. 

As has been described, two types of 
silvered mica capacitors were developed 
to meet these requirements. One type is 
wax sealed in a seamless metal container 
and has a practically flat capacitance tem- 
perature characteristic over the operating 
temperature range most commonly en- 
countered, low modulation, and greater 
uniformity in the commercially manu- 
factured product. The other type is pro- 
vided in a low loss molded casing and 
satisfies a demand for small size and low 
loss capacitors, primarily for application 
where the higher precision and stability of 
the silvered mica potted types are not re- 
quired. 
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itably in a network 
using scaled down pe 
techniques. An example of ante 
of electronic equipment was found in 
design of electronic generators for a 


built with performance impro 
that of the conventional induction mot 
phase shifter type, and at a much redu 
cost. i at 

An important economic factor influence: 
ing the decision to operate at a higher 
than normal frequency was the possibility 
of lowering cost through use of smaller 
values of inductance and capacity for 
given values of reactance. A valuable 
technical advantage which could be re- 
alized at a higher frequency was the elimi: 
nation of iron cores in the inductive re- 
actors, with consequent improvement in 
constancy of inductance at all current val- 
ues and freedom from wave form distor- 
tion. ; t 

It should be understood that while the 
network analyzer to be described has 
proved its ability and the correctness of 
the fundamental design assumptions, it 
will continue in an experimental state for 
a considerable period of time. Built asa 
small pilot model, to prove the design, 
and to handle only simple problems, the 
analyzer may be increased in size by the 
addition of units in the future. Some 
modifications based on experience may be 
necessary, and compromises in equipment 
choice, forced by wartime conditions, may 
be eliminated in the larger model. ; 


Fundamental Design Features 


In the design of an analyzer in a new 
frequency range, extrapolated far beyonc 
previous experience, many design de 
cisions had to be made with and without 
adequate analytical background. Most 
of the decisions were interdependent anc 
not simply related, but an attempt ha: 
been made to give the basis of many o 
them in the material below. 


CHOICE OF FREQUENCY 


Since all units are calibrated in terms o 
resistance, reactance, or susceptance, th 
actual frequency chosen for operation i 
independent of the frequency of the sys 
tem being studied. Previous designs o 
analyzers have been operated in the 400 
to 500-cycle range. In view of certain ob 
vious advantages from the cost stand 
point, a higher frequency seemed a desira 
ble choice. These economic advantage 
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are twofold. Raising the frequency re- 
uuces the size of inductors and capacitors 
equired for given reactance values, thus 
r ducing the cost. Also, if the frequency 
is raised sufficiently, the ratings of many 
parts become those common to the radio 

industry, and the high production in this 


D dustry components are made in a great 

Ae rariety of sizes and are easily obtainable, 
which are both desirable advantages. 
While of somewhat variable quality, it is 

possible to obtain radio parts which are 
entirely dependable. This can be accom- 
as by careful selection of the manu- 
facturer and avoidance of parts obviously 
“built down to a price. 


_ The curve shown in Figure 1 illustrates 
the variation in price of 100 ohms of ca- 
_ pacitive reactance at various frequencies. 
They are list prices for good quality ca- 
_ pacitors, and it is assumed that units of the 
exact required capacitance could be pur- 
chased with no paralleling of small units 
being necessary. It is probable that in- 
ductor costs also would show a consider- 
able drop with frequency, although, as 
‘inductors are not common items of com- 
“merce, comparable prices cannot be ob- 
tained. The curve shown in Figure 1 is 
not meant to apply to capacitors alone, 
_ but is intended to give an indication of the 
trend in both inductor and capacitor 
costs with frequency. 
Based on this reasoning, a tentative se- 
lection of the frequency base for the ana- 
lyzer was made. This selection was sub- 
ject, of course, to confirmation or change 
as other design features were checked. 
The frequency chosen for the Iowa State 
College a-c network analyzer was 10,000 
cycles per second. This represents a 
major extrapolation of previous expe- 
rience. Choice of a frequency substan- 
tially below 10,000 cycles per second 
_would have made inclusion of iron cores 
in the inductors a necessity, and choice of 
a frequency much higher would have led 
to difficulties caused by reactance and 
-susceptance of interconnecting leads, as 
willbe discussed. An additional factor in 
the choice of a frequency of exactly 10,000 
-eycles per second was the commercial 
availability of a satisfactory source of low 
cost. 


FREQUENCY SOURCE 


As the analyzer was to be operated 
from a small power system of rather un- 
stable frequency and because a rotary 
machine of small power rating at 10,000 
cycles with sine wave form might be diffi- 
cult to obtain, all-electronic operation of 
the analyzer was decided upon. This de- 
cision meant the use of a temperature- 
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industry further reduces the price. Radio 


LIST PRICE OF 1000.- CAPACITIVE REACTANCE 


LITT [e-file 


fo) 2000 4000 6000 8000 10,000 
FREQUENCY-CYCLES/SEC. 

Figure 1. Estimated cost of 100 ohms of 

capacitive reactance at various frequencies 


controlled quartz-crystal standard-fre- 
quency oscillator, operating at 100,000 
cycles per second as the primary fre- 
quency source. By occasional checking 
against standard frequency signals from 
radio station WWV of the Bureau of 
Standards in Washington, this oscillator 
can be maintained within one cycle at 
100,000 cycles, an accuracy in frequency 
of 0.001 per cent. In actual service, with- 
out adjustment, the error has never been 
found greater than five cycles at 100,000 
cycles. 

With frequency dividing circuits, the 
100,000-cycle signal is subdivided by a 
factor of ten, yielding a 10,000-cycle out- 
put of a few volts, with reasonably good 
wave form, as the primary frequency 
source for the analyzer. This voltage 
then is filtered for wave form improve- 
ment and applied to amplifier circuits 
which are used to develop the power 
needed in the outputs of the equivalent 
generating stations of the analyzer. 


CuoIce oF #, J, AND Z BASE VALUES 


With metering limitations somewhat 
removed in setting base values of voltage, 
current, and impedance, various other 
factors to be considered are physical size 
of units, and electric and magnetic cou- 
plings. Also needing consideration are the 
resistance and reactance drops and sus- 
ceptance currents in leads connecting the 
units to busses and transfer jacks. 

A low impedance base decreases induc- 
tor reactance and reduces the effects of 
stray shunt capacities. Shunt capacitor 
ratings are increased, but, in the radio 
capacitor field, physical sizes are so stand- 
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ardized that an inictease in rated capacity 
over a ten to one range may mean no ap- 
preciable change in physical size or cost. 
Capacitor sizes, and expected effects of 
shunt lead capacities, indicated that a 
100-ohm impedance base would be de- 
sirable and it was adopted. To keep elec- 
tric coupling between circuits within 
units to a minimum, a voltage of ten 
volts was selected, resulting in a base cur- 
rent of 0.1 ampere. The power dissipated 
in the network is so low that small resis- 
tors may be used safely without fear of 
burning out on accidental overloads. 


INTERCONNECTION OF UNITS 


For accurate operation of the analyzer, 
all leads from units to busses, transfer 
jacks, and so forth, should introduce neg- 
ligible resistance, reactance, and suscep- 
tance into the circuit. At 10,000 cycles 
the problem of inductive and capacitive 
coupling between circuits can be severe 
unless transposition or shielding is used. 
Various types and sizes of wire for these 
lines were investigated with respect to re- 
sistance, series reactance, and current 
taken by the susceptance. Standard tol- 
erances were set up as 0.1 per cent of base 
values. 

Calculations were made on standard 
types of twisted pair lines used for radio 
frequency transmission, which indicated 
that certain types would meet the speci- 
fications on resistance and reactance, but 
might cause larger than desired shunt 
capacity currents. It was hoped that the 
twisted pair feature would introduce suffi- 
cient transpositions to reduce coupling. 
A better solution for elimination of inter- 
circuit coupling was the coaxial cable, and 
computations indicated that some types 
would have satisfactorily low circuit val- 
ues. The complete absence of external 
field eliminates all circuit coupling, and a 
3/s-inch diameter double conductor 
(Twinax) coaxial cable was adopted for 
interconnections. The double conductor 
and shield feature allows input, output, 
and common ground leads of a line, load, 
or other unit to be carried in a single cable. 
The capacity between the two wires then 
appears shunted across the line or load 
circuit elements. The error introduced 
by this capacity across the circuit ele- 
ments is 0.25 per cent of base value, for 
the longest lead encountered. The ca- 
pacity of the two wires to the shield and 
ground is negligible, causing a current 
flow of only 0.075 per cent of base current 
on the longest lead. The resistance of the 
chosen cable for the longest length is ap- 
proximately 0.1 per cent of base value. 

The reactance of the chosen Twinax 
line was another limiting factor and for 
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the longest lead is 0.1 per cent of base 
value. This fact influenced the choice of 
10,000 cycles as base frequency. The 
magnitude of these limiting factors indi- 
cates that a cable design with slightly 
larger conductors would be desirable. 
Such a cable was not a commercial prod- 
uct and under wartime conditions it was 
necessary to design around available 
equipment. 


INDUCTIVE REACTANCES 


One of the reasons for the choice of 
10,000 cycles as base frequency was the 
possibility of eliminating all iron in the 
line and load inductors by the use of air 
core coils. Use of air core coils removes 
all anxiety as to wave form distortion by 
the iron, and constancy of inductance at 
all current values. Lower losses or higher 
ratios of reactance to resistance also have 
been achieved than those mentioned for 
iron core coils in lower frequency network 
analyzers. 

Air core coil designs have been devel- 
oped for all sizes of reactors used, which 
give all inductors phase angles of above 
88 degrees, and certain much used load 
inductor values above 89 degrees. All 
coils are shielded in mutually perpendicu- 
lar pairs, and the above phase angle 
measurements are with shielding in place. 
The resistance component introduced by 
any coil of a load unit may be considered 
as two per cent of the rated reactance, and 
of any coil of a line unit as four per cent 
of rated value. Each decade of a reactor 
group is obtained by series switching of 
1-, 2-, 8-, and 4-ohm reactors or multiples 
of these values. 


ACCURACY 


A definite statement of the accuracy to 
be expected. from such a complex mecha- 
nism means very little because of additive 
and subtractive errors introduced by so 
many circuit elements in cascade, and to 
usage of meter readings in various types 
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Figure 2. Genera 

view of the lowa State 

College a-c network 
analyzer 


It can be stated that all 


of calculations. 
resistor elements are accurate to better 
than one per cent of the setting. All in- 
ductive reactors have been adjusted to 
within 0.2 per cent and, because of the air 
core construction, will maintain that ac- 


curacy at all current values. Capacitive 
susceptors have been assembled to match 
the 0.2 per cent maximum deviation re- 
quirement. The metering system has 
been calibrated from d-c standards by 
thermocouple transfer units to one-half 
per cent or better of full scale values for 
normal loading conditions. 


USE OF STANDARD RADIO EQUIPMENT 


It already has been emphasized that the 
selections for frequency and impedance 
bases made possible the use of standard 
high production radio components and 
coaxial cable. In addition, the radio and 
telephone industries have developed a 
line of standardized instrument racks and 
panels which have advantages in flexibil- 
ity and availability. These panels are 19 
inches wide with heights in multiples of 
13/,inches. The racks are 20 inches wide, 
six feet high, with mounting holes so ar- 


Figure 3. The main 
metering and control 


desk 
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ranged that panels can be mounted a 


yp 


any point desired. Such an arrangement 
will permit easy changes in the future i 
needed. A view of the complete Stlaly2 el 
is shown in Figure 2. ; 4 


Control Desk 


The main control and metering ‘eal 
illustrated in Figure 3, was designed in 
modern style and finished to harmonize 
with the panel equipment. Its design 
permits the operator an easy view of the 
complete analyzer and-houses all instru- 
ment amplifiers and certain relays. 

The desk combines analyzer controls 
and master instruments on a sloping 
panel. The angle of the panel was chosen 
to be comfortable for the operator in 
either controlling the analyzer or taking 
data. On the panel, and accessible to the 
left hand, are the main 60-cycle power 
controls, lever keys for connecting the in- 
struments to either input or output cir- 
cuits of any analyzer unit, a watts-vars 
switch, and a switch to place the desk in- 
struments in operation. 

Also operated by the left hand are the 
push buttons for preselection of relays by 
which the desk master instruments may 
be connected in any circuit. By simply 
pushing buttons corresponding to the 
number of the unit to be metered, as on an 
adding machine, the relay circuits are se- 
lected. The capacity of the push button 
system is 999 circuits which, by reason of 
the input and output relays on each unit, 
will permit metering at 1,998 distinct 
points should that number ever be re- 
quired. All push buttons are mechani- 
cally interlocked to prevent metering two 
circuits at once. By assigning these con- 
trols to the left hand, a pencil held in the 
right hand for taking data or other work 
need not be dropped during operation. 
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_ The desk instruments are subsurface 
ounted and internally illuminated with 
uorescent lamps, giving a very uniform 
lareless shadow-free light. The upper 
wn d lower rows of instruments are placed 
at different vertical angles so that an ob- 
server of average height will have a line of 
ight perpendicular to the meter scale for 
oth instrument rows. This materially 
educes the fatigue of the operator. 
fNounted below the instruments are range 
tches for the ammeter and voltmeter 
and a reversing switch for the wattmeter. 
orking in conjunction with the range 
witches are colored signal lights above 
the voltmeter, ammeter, and wattmeter, 
indicating the range multiplier in service 
at any time. 
_ The instruments used all are operated 
electronically and comprise a voltmeter, 
an ammeter, a watt-varmeter, and two 
phase angle meters. The phase angle 
meters are at each side in the lower row, 
the other instruments being placed in the 
upper row with the wattmeter in the cen- 
ter. Amplifiers for operating these in- 
struments are installed inside the control 
desk. The voltmeter and ammeter are 


fairly conventional electronic amplifier ' 


types, stabilized by large values of degen- 
erative feedback. The wattmeter is an 
electrodynamometer type with both cur- 
rent and voltage coils supplied from sta- 
bilized amplifiers. A phase shifting cir- 
cuit converts this to a varmeter. The 
phase meters are an unconventional fea- 
ture. One reads angle of the voltage at 
the metered point and the other reads 
angle of the current, both with respect to 
any desired common reference voltage. A 
switch on the desk allows selection of any 
generator electromotive force as a refer- 
ence, or any desired point in the network 
may be connected as a reference through 
the transfer jacks. The phase meters em- 
ploy an electronic circuit® which clips and 
squares the waves before phase compari- 
son, eliminating error caused by ampli- 
tude variation. 

Insertion of the instruments into the de- 
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angle 


sired circuit is handled by relays, selected 


by the push buttons. The relays connect 
the circuits of the desired unit to a Twinax 
metering bus, which terminates in cur- 
rent shunts and voltage dividers, across 


which are connected the master instru-— 


ments of the desk. The shunt introduces 
a resistance of 0.1 per cent of base value, 
while the voltage divider inserts a loading 
of 0.03 per cent on the circuit. The me- 
tering bus, connected to all units, inserts 
some distributed capacity, and the con- 
tacts of the switching relays in each unit 


CRYSTAL 
FREQUENCY ; 35 
STANDARD 
VARIABLE 
GAIN 
AMPLIFIER 
OUTPUT 


VOLTAGE SELECTION 
AND CONTROL 


Figure 5. _ Outline diagram of the generator 
circuit and operation 


insert large lumped capacities in the me- 
tering system. These all have been com- 
pensated for effectively and the resultant 
error is negligible. 


Design of Units of the Analyzer 


The present Iowa State College a-c net- 
work analyzer, although a small pilot 
model, was designed to handle most ad- 
vatitageously the simpler problems for 
the utilities of the midwest area. In 
consultation with these utilities, the 
following choice of numbers of units of 
the analyzer was made: 4 generator 
units, 24 line units, 12 load units, 12 
capacitor units, 4 tap changer units. 
and 4 mutual transformer units. Fea- 
tures of the design of each of these units 
will be given. 
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GENERATOR UNIT ~ 5 


The standard frequency source has an 


output of afew volts and negligible power. — 


Each unit simulating a generating station 


' of the analyzer must amplify the voltage 
to the desired base level or higher and 
provide sufficient power for input to the 


loads and lines of a given problem. The 
generator also must have independent 


means of adjustment for phase angle and 


magnitude of voltage output. 


_ The generators for this analyzer con-| 
sist of vacuum tube amplifiers of power 


output considerably greater than required 
for rated base output. A generator is 
shown in Figure 4. Phase angle control 
is provided in two 180-degree steps 
through the left hand dial and the ‘‘plus- 
minus’? switch on each generator panel, 
the control operating in the low level am- 
plifier stages. Voltage selection is possible 
by the right hand dial on the generator 
panel. With selection of output voltage, 
an automatic voltage control circuit is set 
to adjust the amplifier gain and maintain 
the desired voltage. A block diagram of 
a generator is shown in Figure 5. 

The performance of the automatic volt- 
age control circuit is shown in Figure 6. 
The control operates to maintain con- 
stant voltage to 250 per cent of base or 
rated output current into a resistance 
load. This represents zero internal im- 
pedance and zero per cent regulation. 
Above 250 per cent load current, the gen- 
erator voltage drops because of an inter- 
nal impedance of about 4.0 ohms. On 
either leading or lagging load, the voltage 
regulation is improved over that for resis- 
tive load. Contrasting with the generator 
performance under control is the perform- 


ance with no voltage control, as shown by - 


the dashed line in Figure 6. 

Connected to each generator is a set of 
instruments to read generated electro- 
motive force, current, and output power, 
as shown in Figure 7. The instruments 
are electronically operated and stabilized 
by degenerative feedback in order to be 
entirely independent of changes in tube 
characteristics and line voltage. All in- 
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Figure 6. Voltage regulation of the genera- 
tors for varying output 
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Figure 7. generator metering 


struments are calibrated in percentage of 
base values. The wattmeter is arranged 
with zero center scale so that indications 
of reverse power flow can be read easily. 
With the meters permanently connected 
to each generator output, the loading can 
be checked continuously, and the effect of 
adjustments of one generator on the out- 
put of other generators in the system can 
be observed readily. 

Mounted below each generator is an 
inductive reactance panel by which gen- 
erator reactance up to 99-per-cent base 
value by l-per-cent steps may be in- 
serted. Both generator electromotive 

force and terminal connections are avail- 
able at the transfer jacks for ready circuit 
connection. 


Line Unit 


In reducing an actual system to a model 
representation on a network analyzer, re- 
tention of each line of the system as an 
entity is highly desirable. In the majority 
of previous analyzer designs, the series re- 
sistance and reactance equivalents have 
been retained in the analyzer line unit, 
but shunt susceptance equivalents of all 
lines emanating from a common bus usu- 
ally have been added and set up on these 
analyzers by a single separate capacitive 
susceptance unit. The direct metering of 
a line for terminal current conditions, 
therefore, was impossible. The line unit 
of the Iowa, State College analyzer was 
designed as an entity containing the shunt 
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Figure 8. Simplified diagram of the wiring of 
a line unit 
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Figure 9 (right). As- 
sembly of a line 
unit 


capacitive susceptance as well as the 
series resistance and series inductive re- 
actance. This detail was possible be- 
cause of the favorable space and cost con- 
ditions inherent in the higher frequency 
design. A schematic wiring diagram of a 
line unit is shown in Figure 8, and a photo- 
graph of a line unit panel is shown in Fig- 
ure 9. 

Either a T- or a 7-section design would 
be electrically satisfactory for the line 
unit. However, the cost and space re- 
quirement of an average capacitive sus- 
ceptance element is considerably less than 
that of an average inductive reactance 
and resistance element, and hence the z- 
section, requiring one set of reactance and 
resistance elements and two sets of sus- 
ceptance elements, was chosen. In each 
line unit, the two sets of susceptance ele- 
ments in the z-section are adjusted simul- 
taneously by a 2-gang switch. 

The series resistance and reactafice are 
each adjustable from zero to 99 per cent 
in 1-per-cent steps. The total shunt sus- 
ceptance is adjustable from zero to 9.9 per 
cent in one tenth of 1-per-cent steps. 
Each of these three elements thus was de- 
signed in two decades. 


Loap UNIT 


The basic elements in the load unit de- 
sign are resistance and inductive react- 
ance inasmuch as the majority of load 
conditions in an actual system may be 
represented by these parameters. In rep- 
resenting load conditions on the analyzer, 
often the voltage at the load point is an 
unknown quantity at the time of estab- 
lishing ‘equivalent resistance and react- 
ance values. If a particular power and 
power factor are known conditions, an 
estimate of the voltage usually is made 
and the corresponding circuit parameters 
are calculated and set on the analyzer. 
Measurements then are made of the first 
approximation of the desired power. If 
the power is not that desired, a resetting 
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of parameters is necessary. 
State College analyzer, the re 
reactance values are viewed | 
through a variable ratio autotr: 
adjustable by 1-per-cent values f 
1/1.10 to 1.10. If the first estimate of t 
resistance and reactance are within 
proximately plus or minus 20 per cent of 
the actual values required, the adjust 
ment of the load may be accomplished 
quite simply by adjusting the turns ratio 
of the transformer, thus avoiding a recal 
culation of the individual resistance and 
reactance parameters. A schematic 
ing diagram of a load unit is shown in Fi 
ure 10, and photographs of a load unit 
panel and rear assembly are shown in 
Figures 11 and 12. 

The resistance and reactance elements 
may be placed either in series or in parallel 
with one another by the switching plan 
illustrated in the schematic wiring dia- 
gram. This permits more versatility in 
the application of this unit to a variety ¢ 
problems. 

The resistance and reactance are each 
adjustable from zero to 9,990 per cent in 
10-per-cent steps. Each of these two ele- 
ments was thus designed in three decades, 

The output terminals of the load unit 
are retained even though for normal load 
usage this output is closed by a short- 
circuiting plug. By thus providing the 
output terminals, the load unit may be 
used also as a circuit of higher series im 
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Figure 10. Simplified diagram of the wirins 


of a load unit 
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‘Figure 11 (above). Front panel view of a load unit 


Figure 12 (right). Rear assembly of a load unit 


pedance rather than a line unit for those 
applications where such a circuit may be 
desirable. 

The autotransformer utilizing a high fre- 
quency low-loss steel core has an equiva- 
lent shunt impedance such that the error 


introduced by the adjusting transformer 


when used with the base impedance is ap- 
proximately 0.6 per cent. The equivalent 
series impedance of the autotransformer 
when set at full ten per cent is 0.7 per cent. 
Each of these errors is comparable to the 
one-half-per-cent accuracy which was the 
design goal of this analyzer. 


Capacitor UNIT 


Separate capacitor units are provided 
on the analyzer for increasing the range of 
the susceptance built into the line units, 
adding capacitive loading to the load 
units, or for representing series or shunt 
capacitors at any point in a system. A 
photograph of such a panel is shown in 
Figure 13. 

The capacitive susceptance may be 
used either as a series or shunt element by 
a switching plan similar to that used in 
the load unit. The susceptance is adjus- 
table from zero to 99 per cent in 1-per- 
cent steps. The element thus is designed 
in two decades. 


Tap CHANGER UNIT 


Tap changer units are provided for rep- 
resenting networks which do not possess 
net unity turns ratios around closed loops. 
The unit is a variable ratio autotrans- 
former adjustable from 1.000 to 1.295 by 
0.005 steps. The transformer has a low- 
loss steel core and in design is-similar to 
the load adjustor transformer of the load 
unit. The equivalent shunt impedance is 
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practically identical with that of the other 
unit. Incorporated also is a reversing 
switch which changes the turn ratio from 
a step-up to a step-down basis. 


MurvuaL TRANSFORMER UNIT 


A unity ratio 2-winding transformer 
with an inductive reactance placed across 
either side is used for representing mutual 
coupling between circuits of a power sys- 
tem. The mutual transformer, utilizing 
a low-loss steel core, introduces losses of 
approximately 0.4 per cent of base power 
if used across a 10-ohm reactor at full 
base current. The equivalent series im- 
pedance of the transformer is also 0.4 per 
cent and introduces negligible error of in- 
sertion. 


MISCELLANEOUS 


The Twinax cable from each unit ter- 
minates at the transfer panels in two sets 
of 2-conductor jacks. One pair of dupli- 
cate jacks connect to the common and in- 
put conductor of the unit and the other 
pair to the common and output conduc- 
tor. By the process of extensions from 
duplicate pairs, a large bus system may be 
established. 

Associated with the input or output 
terminals on each unit are separate jacks 
which permit the interconnection of other 


Figure 13. Panel 
view of a capacitor 
panel 
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units inside the point at which the meters 
are inserted by the relay system. Thus a 
single instrumentation of a composite 
group of units is possible when this is de- 
sirable, as for example if capacitive load- 
ing were added to a load unit by inserting 
a capacitor unit inside the metering point 
of a load unit. 


Operating Experience 


Although commercial operating experi- 
ence of the analyzer as a whole is rather 
limited at the present date, such system 
problems as have been set up on the ana- 
lyzer have yielded results which check at 
nodes and loops quite comsistently within 
the design tolerances previously men- 
tioned. 

Several 2- and 3-generator problems 
which have been calculated have been 
set up on the analyzer, and measured 
values on these problems likewise have 
been within the design tolerances of the 
units and the instruments. 

As elements of the analyzer have been 
completed over a period of the past 
15 months, each has undergone extensive 
testing in the component form; and, 
where the experimental measurements 
did not conform to the design tolerance of 
one-half-per-cent accuracy, further modi- 
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A 400-Ampere Sealed Ignitron 


H. C. STEINER 
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Synopsis: As rectifier capacity is increased, 
it becomes desirable to use larger capacity 
rectifying elements. The choice of recti- 
fying element size requires careful considera- 
tion in order to provide a complete range 
with a minimum number of units. The 
sizes of industrial ignitron tubes for welding 
control and for rectifier service have been 
chosen on a preferred number scale provid- 
ing a proportionate increase at each incre- 
ment. The development of a 400-ampere 
ignitron for rectifier service was undertaken 
to provide the next larger size tube in the 
series. Development work on the 400- 
ampere ignitron disclosed that design prob- 
lems become more complex as the physical 
size of the tube is increased. The ability 
of a tube to rectify a given current with a 
minimum number of arc-backs is affected 
by circuit duty and by control of ionization, 
particularly at the end of the current com- 
mutating period. None of the factors in- 
volved have indicated an upper limit in 
size, but rather a need for a more exact 
understanding of the phenomena involved. 


HE DEVELOPMENT of the ignitor 

introduced a new and different con- 
cept in the utilization of mercury pool 
cathodes for mercury arc rectifying de- 
vices.1 The ignitor permitted the starting 
of a new cathode spot for each conducting 
period at the precise instant that conduc- 
tion was desired. With this mechanism 
it was possible to design mercury pool 
tubes of the single-anode half-wave type 
having the control characteristics of the 
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Sealed ignitrons for welder service 
ranging in capacity from 300 to 2, 400 kva at 
250 to 600 volts (rms) 


Figure 1. 


thyratron, the versatility of the half-wave 
tube in circuit application work, and the 
very high emission capacity of the mer- 
cury pool. This emission capacity seems 
partly caused by the ability of the cathode 
spot to divide and subdivide above cur- 
rents of the order of 15 to 20 amperes un- 
til a sufficient number exist to supply the 
current demand of the circuit in which the 
rectifying element is connected. 

Further recognition of the greater eff- 
ciency of the single-anode half-wave de- 
sign for power conversion work in com- 


Paper 46-140, recommended by the AIEE commit- 
tee on electronics for presentation at the AIEE sum- 
mer convention, Detroit, Mich., June 24-28, 1946. 
Manuscript submitted April 26, 1946; made avail- 
able for printing May 14, 1946. 


H. C. Sterner and H. N, Price are both with the 
electronics department, tube division, General 
Electric Company, Schenectady, N. Y. 


fications of design to incorporate new fac- 
tors were made until the one-half-per-cent 
tolerance was satisfied. 


Conclusion 


It is expected that the present a-c net- 
work analyzer will be expanded in the 
future to include sufficient units to per- 
mit solving almost any problems that may 
arise among the utilities of the area. 

The objective of lowered costs has been 
achieved to some extent. Because of the 
research involved, its inseparability in 
the costs, the lack of production facilities, 
and the effect of wartime conditions on 
choice of materials and on labor obtain- 
able, exact cost figures from the project 
are meaningless. However, it is believed 
that the use of electronic equipment and 
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techniques has reduced the expense in- 
volved in erection of an analyzer by a fac- 
tor of 40 to 50 per cent. 
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parison with the older multianode mts 
fiers has been made recently in the devel- 
opment of an excitron tube.? With this 
tube, continuous excitation of a pea noaes 
spot on the mercury pool is maintained, 
and ee! of the starting of the anode 
current is accomplished electrostatically 
by means of grids asin the thyratron. 

It is the purpose of this paper to review, — 
briefly, the progress that has been made 
in the development and application of ig- _ 
nitron tubes and to outline some of the 
design considerations in the development 
of higher current sealed tubes. 


Status of Ignitron Tube 
Development and Application 


PUMPED IGNITRONS 


The largest field of application for con- 
tinuously evacuated ignitron tanks has 
been in the electrolytic refinement of 
aluminum and magnesium. Here, large 
amounts of direct current are required 
for a single line of reduction cells. Capaci- 
ties as high as 30,000 kw, 50,000 amperes 
at 600 volts are needed. Initially, to sup- 
ply this capacity, individual rectifiers of 
the order of 3,000 kw were operated in 
parallel. The rectifying element of each 
unit consisted of 12 tanks having a con- 
tinuous average current capacity slightly 
over 400 amperes per tank. Continued 
development supplemented by field ex- 
perience has increased this capacity so 
that tanks of 1,000 amperes are practic- 
able. 


WELDING CONTROL IGNITRONS 


Initial application of permanently evacu- 
ated sealed ignitron tubes was made in 
an entirely new field—that of control and 
timing for resistance welding.® 

In resistance welding, two pieces of 
metal are held together in close contact 
and a high current passed for a sufficient 
time to heat the parts to a welding tem- 
perature. The parts then are forged to- 
gether. Control of the time is essential if 
uniform repetitive welds are to be made. 
Some progress had been made previously 
with the use of thyratrons to control the 
number of cycles in the weld, the current 
capacity of the thyratron being matched 
against the welder transformer primary 
requirements by means of a series trans- 
former. Two ignitron tubes connected 
in parallel, but with current flow in oppo- 
site directions, provide a simple low-in- 
ertia switch with sufficient current carry- 
ing capacity to conduct the welding trans- 
former primary current directly. In con- 
junction with thyratrons to initiate con- 
duction, this precise control not only im- 
proves the quality of welds in materials 
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usually fabricated by resistance welding, 
but also permits materials to be fabri- 
cated which heretofore had been consid- 
ered too difficult to weld. As a result, 
welding methods have been extended 


from simple spot welds to line welding (a 


series of overlapping spots) to sequence 
control (in which provision is made for 
‘preheating, welding, forging, cooling, and 


annealing periods) and to flash welding. 


Sealed ignitron tubes developed for this 
service range in capacity from 300- to 
2,400-kva demand for two tubes at supply 
voltages of 250 to 600 volts (rms). Figure 
1 shows the general appearance of the 
welder ignitrons. All are water-cooled 
directly except the smallest, in which the 
heat is transferred to a heavy clamp that 
in turn may be either air- or water-cooled. 

An interesting application of the igni- 


_ tron contactor principle has been made to 
_ provide rapid interruption of the plate 
_ power supply in case of arc-over or short 


circuit in radio transmitters.4 Ignitron 
contactors have been placed in each of the 
three 2,300-volt lines supplying power to 
the rectifier transformer. Ignition power 
is supplied through thyratrons. In case 
of fault, overcurrent operates small high 


speed d-c relays in the transmitting tube 


circuits that block the thyratrons, and the 
ignitron tubes in turn cease conduction. 
Interruption of fault currents occurs in 
slightly over one cycle of the 60-cycle sup- 
ply frequency. Damage to the trans- 
mitter equipment from flashover and to 
the transmitter tubes is negligible. 


RECTIFIER IGNITRONS 


Rectifier duty is more severe than 
welder control and it was necessary to 
modify the design of the sealed tubes 
somewhat, as discussed later, in order to 
provide service essentially free from arc- 
back. Two sizes of tubes were developed 
which in 300-volt d-c service have con- 
tinuous average current ratings per tube 
of 100 and 200 amperes. At 600 volts, 
the current capacities are 75 and 150 am- 
peres. In addition, overload capacity is 
required since rectifier equipment for in- 
dustrial, mine, and railway service has 
standard 2-hour and 1-minute ratings. 
These standards vary, depending on the 
service, from 125 to 150 per cent at the 2- 
hour point and from 200 to 300 per cent 
at one minute. To meet these require- 
ments, the continuous or design capacity 
of the tubes must approach the overload 
requirements because the mass of the tube 
electrodes is small, in general, and there 
is relatively low heat storage capacity. 

With these two sizes of tubes, it was 
possible to provide sealed ignitron recti- 
fier equipment ranging in capacity from 
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75 to 500 kw at 300 volts, and from 100 to 


1,000 kw at 600 volts by proper choice of 
the circuit and number of tubes.’ Trial 
installations were made in the industrial, 
mining, and electrolytic field, and for 
building service d-c supply. Sufficient 
experience had. been obtained at the be- 
ginning of World War II to provide field 
tested and proved equipment for the 
great industrial expansion that took 
place. | 


400-Ampere Sealed Ignitron 


In the initial development of steel enve- 
lope sealed ignitron tubes, there were 
two predominant considerations—vacuum 
life and ignitor life. Rectifier duty, in 
particular, is continuous in nature and it 
is essential that sealed tubes for this serv- 
ice have a long life to avoid the inter- 
ruptions of frequent replacements. Ex- 
perience has demonstrated amply that 
tubes properly degassed and tightly 


-sealed retain the required vacuum condi- 


tions for years. In fact, the action of the 
are and the walls of the tube exert a con- 
siderable cleanup action which tends to 
improve the initial vacuum.® Under or- 
dinary service conditions, ignitors show 
very little wear or erosion. Under im- 
proper conditions, such as accidental re- 
versal of the ignitor current, the life may 
be very short—a matter of minutes— 
since a cathode spot then forms on the 


ignitor and material is blasted away 


rapidly. Actual life of some of the tubes 
in initial installations has exceeded five 
years with these tubes still in service. 

With substantiation through field ex- 
perience of the basic factors of vacuum 
and ignitor life and the excellent perform- 
ance of the higher current rectifiers for 
aluminum and magnesium reduction, it 
was felt that development of the next 
larger size of sealed ignitron tube was de- 
sirable and could be undertaken. 


SIZE 


It is fully as important to choose a 
proper series of sizes in electronic tubes as 
in other electric or mechanical devices. 
Preferred number scales which provide a 
proportionate increase in size or capacity 
at each increment offer a logical means of 
determining the number of sizes required 
to serve a given field. Sizes for both the 
welder and rectifier ignitron tubes were 
established on this basis. In the case of 
the rectifier ignitrons, the series 25, 50, 
100, 200, 400, 800, 1250, 2500 gives a sat- 
isfactory spacing in average current per 
tube. At the lower end of the scale, 25 
amperes and below, thermionic-cathode 
tubes of the thyratron type are used be- 
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cause of the reduction in required auxil- 
iary equipment. The number of sizes re-_ 
quired above the 400-ampere point will 
depend primarily on application trends. 


In general, it is preferable to use larger 


sized tubes rather than increased numbers 
for increased capacity, provided proper 

wave shape and induction co-ordination 
factors are maintained. ; 4 


DESIGN 


Ignitron tubes are basically heat-trans- 
fer devices in which maximum tempera- . 
tures establish the limiting operating 
conditions as in other forms of electric 
equipment. The limiting temperatures 
are not those, in general, at which grad- 
ual deterioration or burning takes place, 
but rather those at which complete fail- 
ure of the rectifying properties occur. 
Such failures rarely cause destruction 
of the rectifying element itself unless 
the arc-backs are allowed to persist. 
Normally, restoration of conditions below 
the limiting ones restores the rectifying 
action. 

The insulating patch theory developed 
by K. H. Kingdon and E. J. Lawton 
seems to offer the most reasonable and 
consistent explanation of the cause of arc-— 
back.’ Briefly, it is assumed that small 
microscopic insulating particles exist on 
the surface of the anode or are carried 
there by the vapor stream. These patches 
become charged from the ionization pres- 
ent. If the charge becomes sufficiently 
great and the distance separating the 
charge from the anode is sufficiently small, 
field emission will release enough electrons 
to establish a glow discharge. The re- 
sulting increase in ionization favors the 
establishment of a cathode spot on the 
anode, which is followed by are conduc- 
tion of current in the reverse direction. 
The probability of exactly the right con- 
ditions occurring depends on the density 
of ionization in the immediate vicinity of 
the anode, the rate of ion collection, the 
frequency of trial, and the size and leak- 
age resistance of the insulating patch. 
For a given design, the majority of the 
factors depend on or are related to circuit 
requirements so that a knowledge of these 
provides a basis for predicting tube per- 
formance. 

From the tube design view point, it is 
difficult to isolate the effects of the fac- 
tors influencing arc-back since they are 
interrelated and interdependent. The 
more important ones are as follows: 


Vapor pressure. 
Tonization. 
Anode current. 
Anode voltage. 
Circuit duty. 
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_ Energy losses occur in an ignitron tube 
as a series of pulses. These pulsations are 
averaged by the mass of the enclosing 
envelope to an even flow of heat which is 
removed by the water-cooling. The water 


temperature therefore determines a base 


or datum plane above which the instan- 
taneous pressure rises during the conduct- 
ing cycle. The instantaneous pressures 
are the result of vaporization of mercury 
by the action of the cathode spot. Mer- 
cury is vaporized at a rate of approxi- 
mately 7.2X10~-° grams per coulomb, 
and this mercury blast creates pressures 
during the conducting period far in excess 
of the pressure determined by the wall 
temperature. The pressure during con- 
duction is of little importance as regards 
arc-back, except as its magnitude influ- 
ences the ability of the condensing walls 
to reduce the pressure at the end of con- 
duction to a value below the breakdown 
point. A typical pressure breakdown 
curve for static conditions in mercury is 
shown in Figure 2. Since the pressure 
waves travel with a velocity approxi- 
mately that of sound, there is a time lag be- 
tween the current and the corresponding 
instantaneous pressure at the end of con- 
duction which tends to delay deioniza- 
tion. This lag increases as the size of the 
tube increases. 

In addition to the vaporized mercury, 
the action of the cathode spot ejects rela- 
tively large (visible) mercury droplets 
which travel at a rate very much slower 
than the pressure wave. The droplets 
may be observed in glass tubes by block- 
ing out the glow during conduction witha 
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Figure 2. Breakdown voltage between two 

electrodes in mercury vapor as a function of 

the product (Paschen's law) of the vapor 
pressure P and the gap length D 
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synchronously rotating slotted disk and 
by illuminating the vacuum space with 
the light from a tungsten filament lamp. 
The initial velocities of individual drops 
vary widely since droplets are visible at 
the top of their trajectories over nearly 
the entire length of the tube. These drop- 
lets undoubtedly create high transient 
pressures when they strike relatively 
high temperature objects, and because 
of their random character may account for 
some of the arc-backs that are found to 
occur late in the inverse cycle when both 
the residual ionization and inverse voltage 
have decreased appreciably from their 
maximums, 


IONIZATION 


The problem of ionization becomes in- 
creasingly important as the size and ca- 
pacity of the tube is increased. 

Under low pressure conditions, the 
mean free path of the ions is relatively 
long, and the arc voltage needed to pro- 
duce the required ionization is relatively 
high. Under extremely low pressures, 
there is a condition in tubes having con- 
stricted are paths where there are insuffi- 
cient ions to neutralize the space charge 
and for an instant the tube behaves as 
though it were a high vacuum tube.’ The 
current is reduced abruptly, and this 
change in conjunction with associated 
circuit inductance produces high voltage 
surges. The point at which pressures be- 
come low depends largely on the tube de- 
sign. In tubes of small volume and open 
construction, the possibility of constric- 
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tion surges is remote at any temperature — 
above zero degree centigrade (vapor pres- 
sure, 0.16 micron) because the action of © 
the cathode spot very rapidly establishes — 
the vapor density required to provide the 
necessary ions. As the size of the tube in- — 
creases, and particularly as grids are 
added to control the ionization, the mini- 
mum pressure must be increased. In mul- 
tiple grid high voltage tubes, minimum — 
pressures of the order of four to eight mi- — 
crons (35-45 degrees centigrade) are re- 
quired for currents of 4,000 amperes. The 
minimum pressures usually are deter- 
mined by the short-circuit current that 
the tube may be required to conduct, 
rather than the normal load currents. 

At the end of conduction, the intensity 
of residual ionization becomes extremely 
important because of its direct relation to 
arc-back. In tubes of small volume, the 
deionization rate is rapid and equilibrium 
between ionization and anode current is 
reached quickly so that the ion density is 
relatively low when inverse voltage is ap- 
plied at the end of commutation, or trans- 
fer of current from anode to anode. As 
the cross section and volume of the tube 
increase, for higher capacities, the volume 
of ionized gas increases and the time re- ~ 
quired for the ions to diffuse to the walls 
is increased, with the result that the den- 
sity of ionization at the end of conduction 
is correspondingly higher. Figure 3 shows 
the time required for the ionization to 
decay to a given value for a fixed value of 
anode current in the 100-, 200-, and 400- 
ampere sizes of tubes. The curves repre- 
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Figure 5. Cross section of a 200-ampere 
rectifier ignitron 


sent the auxiliary anode-to-cathode volt- 
age as seen on a cathode ray oscilloscope, 
with the auxiliary anode used as a probe 
and connected to a negative bias to collect 
positive ions as indicated in the connec- 
tion diagram insert. The point in the 
curves at which the auxiliary anode volt- 
age begins to increase negatively indi- 
cates the time required for the ionization 
to decay to a value just at which the 
probe current can be supplied without an 
increase in voltage. The effects of in- 
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creased tube diameter, arc volumes, and 
particularly increased vapor density are 
clearly shown. 

In the development of the 400-ampere 
tube, it was expected that the general de- 
sign of the smaller tubes could be ex- 
tended to this size. However, operation 
tests indicated that both the ionization 
density and time of deionization must be 
decreased. One of the most effective 
methods of accomplishing this in the lar- 
ger tubes is to enclose the anode within a 
grid. The grid functions primarily as a 
shield to isolate the anode from the ioniza- 
tion in the arc chamber. The small vol- 
ume of ionization between the grid and 
anode insures rapid deionization of this 
space. Probably of equal importance is 
the current density level that can be col- 
lected on any part of the anode. 


ANODE CURRENT 


The magnitude and wave shape of the 
anode current influences the magnitude 
and wave shape of the vapor pressure 
wave and affects the ionization density. 
These factors depend, in general, on the 
mode of operation of the rectifier circuit 
employed. The delta 6-phase double-Y 
circuit (proposed AIEE Standards nomen- 
clature) commonly is used and in this cir- 
cuit there is a ratio of three to one be- 
tween the peak and average currents. 


AC SUPPLY 


LINE VOLTAGE 


(a) 


ANODE - 

CATHODE 
VOLTAGE, 
TUBE 2 


This ratio usually varies from two, three, — 
four, six to one, depending on the type of 
circuit. At the end of conduction, the 
current wave shape, and particularly the 
magnitude of the ionization resulting from 
the current, depends on both the commu- 
tating reactance of the transformer and — 
supply and the voltage that is available 
to transfer the current from one phase to 
another. 


ANODE VOLTAGE 


The degree of positive ion bombard- 
ment and the thickness of the ion sheathes 
that form around the anode during the 
negative part of the cycle are functions of 
the magnitude of the inverse anode volt- 
age. This voltage therefore influences 
the factors involved in arc-back directly. 
The magnitude of the inverse voltage de- 
pends on the circuit and is higher for cir- 
cuits having low ratios of peak-to-average 
currents and lower for those having high 
ratios. Two periods in the inverse voltage 
wave are of particular interest. The 
initial inverse voltage occurs at the end of 
commutation at the time the residual 
ionization is highest. Its magnitude de- 
pends on the circuit, the transformer com- 
mutating reactance, the current commu- 
tated, and the amount of phase control. 
The maximum inverse voltage depends on 
the circuit and usually occurs later in the 
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Figure 6. Tube volt-  () 
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age and current wave 
shapes for welding con- 
trol operation 


(a). No phase retard 
(b). Approximately 30 
degrees phase retard 
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Figure 7. Tube voltage and 


operation 


(a) No phase retard 
(b) Approximately 30 de- 
grees phase retard 


vA INVERSE 


cycle when the residual ionization is re- 
duced. Under large amounts of phase 
control (70-to 100-per-cent voltage reduc- 
tion), the initial inverse voltage ap- 
proaches or equals the maximum in mag- 
nitude. 


Circuit Dury 


The influence of the circuit duty on the 
tube design is shown in Figures 4 and 5. 
The figures show, respectively, a sealed ig- 
nitron for welder service and one for rec- 
tifier service. The two tubes have essen- 
tially the same physical dimensions and 
operate at inverse voltages of about the 
same magnitude. 

In welder service, two tubes are con- 
nected back to back to conduct both 
halves of the a-c wave. The conditions 


Table I. Tube Ratings 


Maximum Anode 
Current, Amperes 


300 Volts 600 Volts 


Direct Direct 

Current Current 

TMSPANEAMEOUS.\ccis ic eelevicn se (C,OUONE HEE a00 
Average 

Continous: ene cients 400.... 3800 

AzWOUtrarels croitr alesse eee ee 600.... 450 

r= TTLLI Aes, erties orator ners iin, arte S00) ate 


Surge (0.15 second maximum). . 25,000... .19,000 
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for welder service are shown in Figure 6 
for several current cycles in a single spot 
weld, followed by an off period before the 
next weld. For the no-phase retard con- 
ditions shown in Figure 6a, only the last 
tube to conduct in the final cycle must 
withstand an inverse voltage when appre- 
ciable ionization is present. Under phase 
controlled conditions as shown in Figure 
6b, the current wave becomes discontinu- 
ous so that each tube must withstand com- 
mutating conditions in each conducting 
cycle, and the resulting duty therefore is 
increased by the increased number of 
trials. Recognition of this is made in the 
recommended application practice by re- 
ducing the peak current in proportion to 
the phase control. 

In rectifier service, the tubes must with 
stand successfully commutating condi- 
tions in every cycle. Figure 7 shows the 
tube conditions in a delta 6-phase double-Y 
rectifier with no-phase retard (a) and 
phase retard (b). The tube current at 
commutation is a segment of a short-cir- 
cuit current wave whose magnitude is 
limited primarily by the commutating 
impedance of transformer and by the tube 
arc-drop. Under phase retard conditions, 
the voltage that is available to force cur- 
rent transfer from one transformer wind- 
ing to another is increased, with the result 
that the transfer time of a current of given 
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current wave shapes for rectifier 


magnitude is decreased. The resid 
ionization at the instant inverse voltag 
is applied is therefore higher, and this in 
combination with the higher inverse volt- 
age increases the duty. 

In the foregoing discussion of design 
problems, it should be emphasized that 
the problem of arc-back has been consid- 
ered at limiting conditions and that a 
reasonable reduction in operating condi- 
tions below the limit results in perform- 
ance practically free from arc-back. 


Figure 8. Cross section of the 400-ampere 
ignitron showing the general design 


A—Anode connection 

B—Fernico metal alloy and Pyrex type glass 
seal 

C—Water connection 

D—Graphite grid 

E—Main graphite anode 

F—Stainless steel water jacket 

G—Splash baffle 

H—Auxiliary anode 

[—Starting ignitors 

J—Mercury pool cathode 

K—Tube support and cathode connection 
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Table i “Combinations ot Tubes and Circuits 


600 
Volts Tubes Circuit 
400... 750.... 6....Delta 6-phase double-Y 
500,..1,000.... 6..,.Delta 6-phase double-Y 
750...1,500....12....Delta, 12-phase quad- 
a ruple zig-zag Y 
-1,000...2,000....12....Delta 12-phase quad- 


ruple zig-zag Y 


‘ 


e CoNnSsTRUCTION 


__ The general design and construction of 
; the 400-ampere tube is shown in Figure 8. 
_ The essential materials and general design 
of the earlier ignitron tubes have been re- 


- inner cylinder forming the vacuum cham- 
FE ber are of stainless steel to minimize cor- 
rosion. The anode insulating and sup- 

_ porting bushing is of the fernico-glass 

4 ‘sealing combination that has proved very 
satisfactory, not only from the vacuum 
- tightness standpoint but from the view- 
point of strength and shock resistance as 
well. Anode and grid are of special graph- 
ite. Two ignitors are incorporated again 

to provide for circuit reversal or other ac- 

‘cidents. Only one is required for ignition. 
An auxiliary anode provides cathode spot 
stability for anode currents below three 
to five amperes peak, and permits simpli- 
fication of the ignition circuit control. 

A completed tube is show in Figure 9. 
The water jacket is approximately nine 
inches in diameter and 22 inches tall. 
Over-all height, including the flexible 


Figure 9. A com- 
pleted 400-ampere 
sealed ignitron 
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tained. The water-cooling jackets and the 


anode lead, is 40 inches, and ‘the tube 


weight is approximately 95 pounds. 

In the larger sizes of tubes, the mate- 
rials used in the construction become an 
increasing proportion of the tube cost, 
and, even though warranties protect 
against loss from early failure, it becomes 
desirable to provide in the design the pos- 
sibility of repair. In this tube the header 
closing welds are of the fusion type rather 
than resistance seam welds. This permits 
removal of the headers with relative ease 
for inspection or repair. 


PERFORMANCE AND RATING 


Essential ratings of the 400-ampere 
tube are given in Table I, and Table II 
shows possible combinations of tubes and 
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Figure 10. A 600-volt operation test at 
rated continuous 2-hour and 1-minute load 
currents for zero phase retard 


circuits to provide industrial rectifiers 
of standard capacities at the 300- and 
600-volt levels. 

Rectifier performance tests usually are 
made on the load increment plan for a 
chosen water temperature and flow and 
at the desired operating voltage levels.® 
The commutating impedances are ad- 
justed to give output voltage regulation 
and short-circuit currents comparable to 
these expected in actual service. The 
load usually is absorbed by motor genera- 
tor sets. 

Prior to determining limits, an opera- 
tion run usually is made to check the 
performance at rated continuous 2-hour 
and 1-minute loads. Figure 10 shows the 
time-current plot of such a run for opera- 
tion at 600 volts direct current. 

Figure 11 shows the general shape of the 
load limit current curve for the 400-am- 
pere ignitron as the output voltage of the 
rectifier is reduced progressively to zero 
by means of phase control. Limits as far 
as the tubes are concerned are determined 
by arc-back. Under phase retard condi- 
tions, the combined effects of a higher 
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Figure 11. Continuous average anode current, 
determined by load limit tests, as a function 
of output voltage reduction by phase control 


The dots indicate arc-backs 


initial inverse voltage and greater ion 
density produce a higher tube duty, which 
is reflected by a reduction in load current. 


Conclusion | fs 


The development of the 400-ampere 
sealed ignitron revealed no factors which 
would tend to limit the size and capacity 
that could be designed. Undoubtedly, 
larger tubes would require different treat- 
ment and probably different forms. The 
development did show the very great part 
played by ionization and the need, 
spite of the excellent fundamental work 
that has been done, for additional work 
with particular emphasis on the problem 
of rectification. 
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The Application of Sates Capacitors 
to Flash Welders 


JAMES F. DEFFENBAUGH 


ASSOCIATE AIEE 


HE APPLICATION of series capaci- 

tors to spot, projection, and seam 
welders no longer presents any difficult 
problems, and they have been used suc- 
cessfully with these types of welders for 
several years. 

Essentially, enough capacitive react- 
ance is placed in the primary circuit of 
the welder transformer to neutralize the 
inductive reactance of the welder. This 
theoretically produces unity power fac- 
tor and reduces the kilovolt-ampere de- 
mand to the level of the kilowatt de- 
mand. Since the voltage across the 
capacitor units is directly proportional to 
the current flowing through them, units 
must be selected with a voltage rating 
high enough so that this rating is not ex- 
ceeded unless they are protected by an 
overvoltage device. 

The flash welder, however, presents an 
entirely different problem since the weld- 
ing operation is composed of two phases 
which differ widely in both power factor 
and kilovolt-ampere demand. 

The first phase is termed flashing and 
occurs when the pieces to be welded are 
brought in contact and heated to a plastic 
state by the passage of the current as it 
flows from one piece to the other. There 
is some doubt as to whether this current 
flow is caused by metallic or gaseous con- 
duction. However, we do know that 
there is not good contact between the 
two pieces, and we will speak of the condi- 
tion during current passage as an arc. 
The flashing kilovolt-ampere demand is 
less than the final upset phase, the power 
factor is relatively high, and the wave 
shape of the current is rather irregular, 
as shown in Figure 1. 

When the plastic temperature has been 
reached, the upset phase takes place. 
Here the pieces are forced together 
quickly and are forged, producing the 
complete weld. Since the resistance at 
the weld region is lower at upset than 
when flashing, the kilovolt-ampere de- 
mand is greater, the power factor lower, 


Paper 46-141, recommended by the AIEE com- 
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and because of the absence of arcing, the 
wave shape of the current is smooth, as 
illustrated in Figure 2. 

An example of this type of machine is 
the barrel welder. Figure 3 is a simplified 
drawing of the essential parts. Note that 
as the cam appearing at the extreme right 
revolves, the movable platen, in which is 
clamped one edge of the sheet forming the 
barrel, moves slowly toward the edge of 
the sheet which is clamped in the station- 
ary platen. The edges are brought 
in contact as the cam begins rotating, 
and, because of the inherent irregularities 
and minute projections along the edges 
of the stock, the contact resistance 
is high and the current flow is re- 
stricted to small areas. This produces 
a flashing action which burns away the 
multiplicity of projections. It is evident 
that there are two current paths in par- 
allel: one short path through the weld 


Figure 1. Oscillo- 

gram of current and 

voltage during flash- 
ing 


Figure 2. Oscillo- 
gram of current and 
voltage during upset 


Deffenbaugh—Flash Welders 


i 
region and the other, a longer pat ; 
through the cylinder. The relatively 
high resistance offered by these two 


paths in parallel therefore results in a 


comparatively low kilovolt-ampere de- 
mand and high power factor. 

When the upset block on the cam 
meets the movable platen, the edges 
of the stock are forced together, the 
arc extinguished, and, because of the 
resulting decreased resistance, the cur- 
rent flowing through the weld region in- 
creases greatly. The ratio of the resist- 
ance to the inductive reactance of the 
secondary circuit decreases with an ac- 
companying decrease of power factor. 

A series of tests were made on a stand- 
ard 350-kva 440-volt 42-inch barrel 
welder welding a standard 16-gauge 55- 
gallon drum to determine the possibility 
of applying series capacitors to reduce the 
kilovolt-ampere demand and increase 
the power factor. 

Oscillograms were taken before any 
power factor correction was attempted 
and it was found that the demand during 
flashing was about 350 kva at 92 per cent 
power factor, and at upset the demand 
increased to 1,200 kva at a power factor 
of 48 per cent. The relative magnitudes 
are shown graphically in Figure 4, 

Suppose we add enough capacitance to 


ELECTRICAL ENGINEERING 


_ ARMS-=ACTUATED 
_ PNEUMATICALLY 


_ INSULATION PREVENTS 


UPPER CLAMP 


Z) 
4 


fe 
L 4 


Ze 


Weis 
; 
“i: 


FLASH OR DIRT REACH- | 
ING TRANSFORMER 


PATH OF A-C WELDING 
CURRENT 


Figure 3. Essential parts of a drum welder 


the primary circuit of the welder to ob- 


tain approximately unity power factor 
during the flashing period. Proceeding 
exactly as is done in applying series 
capacitors to any other type of welder, 
it is found that 29 230-volt capacitors are 
required. Figure 5 gives vectorially the 
voltages existing in the circuit at this 
time. 

During the upset stage of the weld, the 
current increases, thereby producing a 
proportional increase in the primary cur- 
rent which now flows through the capaci- 
tor bank. This results in a voltage drop 
across the capacitors which is approxi- 
mately 150 per cent greater than the 
maximum permissible voltage of the 
units. Of course, units with a greatly 
increased voltage rating could have been 
chosen initially, but the number required 
would have been approximately four 
times that actually selected, so that this 
is clearly not an economical solution. 
The demand also has increased to a value 
approximately 25 per cent greater than 
it was before the capacitors were applied. 
The upset portion of Figure 5 gives these 
values. 

Let us now increase the capacitance to 
that required to correct the upset portion 
of the weld to unity power factor. We 
find that it is necessary to use 36 575- 
volt units. However, the resulting series 
circuit at upset impresses a voltage of 
about 21/2 times the normal supply 
voltage acress the welder transformer, as 
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fey b4p = 3 
40 PER CENT OF THE CURRENT 
TRAVELS THIS CLOSED PATH. 


ALIGNMENT MAINTAINED BY WATER 
COOLED DIES WITH ELKONITE 
INSERTS 


FLEXIBLE 
CONNECTION 


shown in Figure 6. There are two 
methods that can be used to maintain the 
secondary voltage appearing across the 
platens at the value it was before the 
capacitors were applied. One method is 
to increase the welder transformer ratio, 
and the other is to use a step-down trans- 
former in the supply circuit. In this 
instance let us choose the first method 
and increase the transformer ratio. 

As shown in the flashing section of 
Figure 6, we immediately meet com- 
plications during the flashing period 
since the characteristics of the circuit 
now are such that the voltage impressed 
on the welder transformer primary is 
reduced to 60 per cent of that required 
for proper flashing. This would result 
in an imperfect weld. 

We now are able to conclude that, when 
there is an appreciable difference between 
the flashing and upset demands, we will 
have one of two undesirable conditions 
present if we apply series capacitors to 
flash welders, according to conventional 
theory: 


1. Correction of the flashing demand will 
result in excessive condenser voltage during 
upset. 


2. Correction of the upset demand will 
result in a welder transformer voltage lower 
than that required for proper flashing. 


Since, in general, it is not economical 
to use high voltage capacitor units, we 
will provide a means of increasing the 
voltage across the welder transformer 
during the flashing period and use a 
value of capacitance which will give 
unity power factor during upset, since 
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Figure 4. Initial uncorrected values of 
kilovolt-ampere demands and power factors 
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Figure 5. Vector diagrams of currents and 
voltages existing when the flashing period is 
corrected to unity power factor 
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Figure 6. Vector diagrams of currents and 


voltages existing when the upset period is 
corrected to unity power factor 
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Figure 7. Schematic diagram of circuit used 
\ in test 


‘the power factor at flashing is rather high 
without correction. 

In order to accomplish this condition, 
the circuit shown in Figure 7 was made. 
A cam has been placed on the shaft which 
rotates the platen-moving cam, a limit 
switch which is actuated by this cam’ 
has been added, a second tube contactor 
has been placed in parallel with the origi- 
nal contactor, and an autotransformer 
has been connected in the supply line. 
The series capacitors are placed in the 
circuit between the contactors and the 
welder transformer primary winding. 

The sequence of operation of the cir- 
cuit is as follows. 

When the limit switch is closed, con- 
tactor B is closed and contactor A is 
left open. The tap on the autotrans- 
former to which contactor B is connected 
is selected so that approximately normal 
supply voltage is impressed on the welder 
transformer. This energizes the circuit 
correctly for the flashing operation. The 
added cam is adjusted so that contactor A 
is closed and contactor B is opened about 
one cycle before the platen-moving cam 
starts the upset movement. This ad- 
justment was necessary as there was an 
interval of one cycle during the switching 
of contactors in which there was no cur- 
rent flow. However, it is possible to 
eliminate this period by the use of proper 
controls. Figure 8 shows this interval. 
Contactor A is connected to a lower volt- 
age tap on the autotransformer and re- 
sults in normal supply voltage being im- 
pressed on the welder transformer during 
upset. 

In order to simplify the calculations, 
the assumption is made that the source is 
of infinite capacity. This assumption 
changes the values slightly from those 
actually existing during the tests. 
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Figure 8. Oscillo- 
gram of contactor 
switching interval 


The first step is the calculation of the 
inductive reactance of the welder during 
upset. This calculation is the value, in 
ohms, of the capacitive reactance that 
must be supplied by means of the capaci- 
tor units in order to obtain approxi- 
mately unity power factor at upset. The 
circuit voltage conditions are as shown 
by the vector diagram in solid Jines in 
Figure 9. It is evident that the voltage 
to be supplied by the autotransformer 
is the welder voltage Ey multiplied by 
the power factor during upset, plus the 
tube contactor drop of approximately 15 
volts. 

The next step is the determination of 
the circuit constants during flashing. 
The net reactance is the difference of the 
capacitive and inductive reactances. 
This value then is combined vectorially 


with the flashing resistance to find the 


resulting impedance. The voltage at the 
autotransformer then must be equal to 
this impedance multiplied by the primary 
flashing current. This current is ap- 
proximately equal to that occurring 
during the uncorrected flashing condi- 
tion. See Appendix ITI for exact calcula- 
tion. 

The vector diagram composed of 
broken lines illustrates the voltages ex- 


440 VOLTS 


Figure 9. Wector 
diagram of currents 


and voltages existing aaa E, 409 VOLTS 7 
: - © a as es SS 

during flashing and 6 puke —— 

upset after capaci- bra eg 


1 


isting during flashing. The power fac- : 


tor is slightly lagging because of the fact 


that the inductive reactance during — 


flashing is greater than during upset. 


We are not certain as to the exact reason 


for this change in reactance, but it may | 


be caused by the harmonics present dur- 
ing flashing. 

Figures 10 and 11 illustrate oscillo- 
grams of the current and voltage as 
measured at the supply side of the auto- 
transformer after the capacitors had been 
applied. Note that the power factor 
during upset is not quite unity and that 
the power factor during flashing is less 
than at upset. ; 

Figure 12 shows graphically a com- 
parison between the kilovolt-ampere 
demand and power factors before and 
after applying correction in the actual 
test, the dashed lines giving the corrected 
values. 

It is evident from an examination of 
Figure 12 that while the low kilovolt- 
ampere demand and high power factor 
of the flashing phase has not been al- 
tered appreciably, the upset kva demand 
has been reduced to approximately one- 
third of its uncorrected value, and the 
power factor has been increased from 48 
to 95 per cent. 


e-6l 
e- 25 
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tors have been ap- 
plied in final 
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addition of capacitors 


Appendix |. Notation 


t 
_ E,,=supply line voltage 
_ £,=autotransformer output voltage 
_ Eo=capacitor voltage 
_ J=output current of autotransformer 
c @=angular difference between current and 
voltage in high tension winding of 
welder transformer 
The foregoing refer to upset values. 
With prime notation they refer to flash- 
ing values. 


0,=phase difference between current and . 


o voltage in supply line during flashing 
after capacitors had been applied 


Calculations 


Appendix Il. 


Upset period: 


E,2X10-3 44021073 
ee ee 0181 ohn 


kva 1,200 


X,=Z%X sin 61 degrees 
=0.161X0.875 
=0.141 ohm — 


Therefore X¢ = X,=0.141 ohm and power 
factor becomes theoretically unity. 


E,=E, X cos 61 degrees 
=440 X0.48 
=211 volts 

Eco =EyX sin 61 degrees 
= 440 X0.875 
=385 volts 


Corrected kva=uncorrected kvaX cos 61 
degrees 
= 1,200 X0.48 
=575 kva 
kva (corrected) 
E,X1073 
id S(O 
“211X10"* 
= 2 F7 


,725 amperes 


I(corrected) = 
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igure 10. Oscillogram of current and voltage during flashing after 


\ 


Flashing conditions: 
z _Fi*X 1078 
kva 
+ 440* X10"? 
350 
=0.554 ohm 
X',=Z'X sin 23 degrees 
= 0.554 X0.39 
=0.218 ohm 
X,(net) =X’,—Xe¢ 
=0.218—0.141 
=0.077 ohm 
R’'=Z'X cos 23 degrees 
= 0.554 X0.92 
=0.51 ohm 


Thus the power factor with capacitors is 


X (net) 
Ve 

X ,(net) 
R 

_ 0.077 


0.51 
=0.151 
6x =8.6 degrees 
cos 0x =0.988 


cos~! tan 


tan 0x = 


Power factor = 98.8 per cent 


E! _E'wX cos 23 degrees 
4” cos 8.6 degrees 
3) X0.92 
~ 0.988 
=409 volts 
E'o=E'wX sin 23 degrees—E’,X sin 8.6 
degrees 
= (440-0.39) — (409-0.1495) 
=171—61.2 
=109.8 volts 


Kilovolt-amperes (corrected) 
kva X cos 23 degrees 


cos 8.6 degrees 
350 X0.92 


0.988 
=326 kva 
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Figure 11. Oscillogram of current and voltage during upset after 


addition of capacitors 
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Figure 12. Kilovolt-ampere demands and 
power factors measured in test after addition 
of capacitors 


Table I. Circuit Constants Before Correction 
ee 
Circuit Constant Value 
Flashing 
RVain wire nce whe eters aerate cintertaneastare 350 
Power: factors cise ils eles. eiskicies eee 92 per cent 
[RR te (rst, Sete a ote Ree hoon 5 23 degrees, 
Bopiate 0 tee ro sic Sabatet ace teletatel wiley goers 440 
Upset 
Rivas ohisce nincris « eb Sh eleteigta tents 1,200 
Power factOr. Sete c eo = wctetemie en ee sar 48 per cent 
PA Taco. SO OOOO! rico OO CoO 61 degrees 

Supply voltage. ......-.++.-s+eeeeee- 440 

kva (corrected) 
I (corrected) = —————————— ‘ 

E'4X1073 
Bab oes 
409 


=797 amperes 


The actual values of the autotransformer 
output voltages necessarily will have to be 
approximately 15 volts greater than the 
values as calculated to compensate for the 
voltage drop in the ignitron contactors. 
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Co- idination of Insulation “tel Spacing 


of Transmission Line Conductors” 


Ww. W. LEWIS 


FELLOW AIEE 


SURVEY of practice on existing 

transmission systems shows, for the 
same operating voltage, wide variations 
in the insulation used. Also, wide varia- 
tions occur in the spacing between con- 
ductors and from them to grounded mem- 
bers of the supporting structure. 

These variations are illustrated in Fig- 
ure 1, showing practice in the use of pin 
type insulators;! Figure 2, showing prac- 
tice in the use of suspension insulators ;?*4 
Figure 3, showing actual spacings be- 
tween conductors for horizontally ar- 
ranged lines; and Figure 4, showing 
actual spacings between conductors for 
vertically arranged lines.4> These varia- 
tions possibly reflect to some extent the 
different degrees of lightning, wind, snow, 


and sleet encountered in different parts — 


of the country, as well as the difference in 
experience and conservatism of the de- 
signers. 

A recent committee report’ gives data 
on 35 transmission lines in the 190- to 
287.5-kv range. In this report is given a 
comparison of the impulse flashover of the 
insulators and the flashover from the con- 
ductor to the structure through air, with 
the conductor swung at 30 degrees from 
the vertical. In many cases the flash- 
over to the structure through air is con- 
siderably less than the flashover of the 
insulators, indicating a lack of co-ordina- 
tion in the design. 

It is obvious from the preceding discus- 
sion that very little guidance can be ob- 
tained from existing lines as to the suit- 
able number of insulators and spacings 
for projected transmission lines of various 
voltages. The writer, therefore, has 
undertaken to set up criteria for such in- 
sulation and spacings which will offer a 
guide for those engaged in this work, and 
which will be consistent for the various 
voltages. 

In order to simplify the problem, the 
present study will apply mainly to steel 
tower lines with suspension insulators, al- 


Paper 46-175, recommended by the AIEE commit- 
tee on power transmission and distribution for pre- 
sentation at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted April 11, 1946; made available for printing 
May 23, 1946. 


W. W. Lewis is a transmission engineer with the 
central station engineering division, General Elec- 
tric Company, Schenectady, N. Y. 
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though the question of wood pole lines 
and pin type insulator lines will be 
touched upon. 


Criteria for Minimum Line 
Insulation 


As a basis for the selection of the 


minimum line insulation, the following 


criteria are suggested: 


1. The 60-cycle wet flashover must equal 
or exceed the voltages expected from faults 
and switching surges. The maximum to be 
expected from these causes is five to six 
times normal line-to-neutral voltage. These 
voltages may be reduced by proper neutral 
grounding, by the use of breakers with mini- 
mum tendency for restriking, and by ade- 
quate lightning arrester protection. Under 
the most advantageous conditions, the upper 
limit of low frequency voltages may be 
taken as 3 to 3.5 times normal line-to- 
neutral voltage, and the 60 cycle wet insu- 
lator flashover should equal or exceed this 
value. 


2. The impulse flashover should equal or 
exceed the standard basic impulse insulation 
level for the terminal equipment.® 


In Table I are given the 60-cycle dry 
and wet and impulse flashover values of 
standard suspension insulators, ten inches 
in diameter and spaced 5/, inches apart.” 

In Table II are given 60-cycle and im- 
pulse flashover values for standard rod 
gaps.? These values may be used for 
gaps in air between conductors, between 
conductors and tower, and so forth. 

In Table III, column 2, are given for 
the standard insulation classes the num- 
ber of insulator disks spaced 5°/4 inches 
apart, whose wet 60-cycle flashover will 
equal or exceed 3.5 times line-to-neutral 
voltage. This is the smallest number of 
insulators which will have an impulse 
flashover equal to or greater than the 
basic impulse insulation level. 

Also given in Table III are the numbers 
of disks whose wet 60-cycle flashover will 
equal or exceed 4, 4.5,and 5 times the line- 
toneutral voltage. In column 6, for com- 
parison, are given the numbers of disks 
representing average practice, from Fig- 
ure 2. 

It will be noted that average practice 
follows column 5 up to and including 115 
kv, column 4 for 138 to 230 kv inclusive, 
and column 3 for 287 and 345 kv. These 
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Practice in the use of pin type 
insulators 


Figure 1. 


average values are from a curve. 
ally, the only 287-kv lines in existence 
have the equivalent of 21 disks spaced 
53/, inches apart,‘ and so far there are no 
345-kv lines. The tendency to use a 
greater relative insulation at the lower 
voltages is similar to the tendency to be 
found in the insulation of apparatus. 


Co-ordination of Spacing 
With Insulation Level 


With each level of insulation, there is 
a proper spacing between conductors and 
to the steel structure to develop the full 
strength of the insulator string selected. 
Let us take the minimum spacing to the 
steel structure A (Figures 5 and 6) as a 
spacing that will have an impulse flashover 
ten per cent greater than the impulse 
flashover of the insulator string. 

Spacing B (Figures 5 and 6), the hori- 
zontal distance from conductor to tower 
when the conductor is hanging vertically, 
will be such that when the conductor is 
swung to 30 degrees from the vertical the 
impulse flashover from conductor to tower 
(spacing A) will be ten per cent greater 
than the insulator string flashover. It is 
assumed that during the summer season, 
when lightning prevails and there is no 
ice or snow, 30 degrees is ample to con- 
sider for the conductor swing. 

Having determined spacing B from 
conductor to tower, spacing D between 
conductors for the horizontal arrangement 
(Figure 5) becomes two times spacing B, 
plus the width of the tower leg. 

For the vertical arrangement (Figure6), 
the spacing between horizontal planes 
through the conductors, spacing C, is a 


ELECTRICAL ENGINEERING 


Actu- | 


oe: <p ah 


“NUMBER OF 


{INSULATOR DISKS — 


9 


40 80 120 


minimum of two times the spacing 4, 
since the insulator string itself has a 


On the tower illustrated in Figure 6, on 


: account of the slope of the crossarm brac- 
__ ing, the spacing between conductor planes 
_ naturally will be somewhat greater than 

2A. 


In other types of towers without 


_crossarm bracing, this may not be the 


‘ 


- Table I. 


case, and the minimum spacing 2A can be 
used. ; 

In order that the conductors may be 
fully shielded from direct strokes, it has 


Flashover of Suspension Insulators 
With 10-Inch Diameter and 5°/,-Inch Spacing 


- Barometer 30 Inches, Temperature 77 Degrees 


Fahrenheit, Vapor Pressure 0.6085 Inch 


een SS 


60 Cycles RMS 


Number of 
Insulator Dry Wet Impulse 
Units Ky Ky* Ky 

Uncadsicuspasasaegs SO patos BOs 5 eau 125*-150 

Beet arersipieye a WS BH eos es BO Pee ss 250*-255 
Sights cates. BUS bates: 130 355 
AE Srayety of Sayers DOs fe ntpas lO cuties 6: 3 440 
BS een ckssipha ages Beet phe sis ts eR 525 
(Oca Ache cot SOU" sade DDD crates tere 610 
ae OE ASB Ve visa DOB tain cles 695 
aE OBI ies BID sont wt 5 Sf) ae eae 780 
Oe aiiaiers ae EO caesar evr OUDialeetata ats 860 
UE et eer paierorn BOO a asa Mal) OY. (ottetals fase 945 
1S Rare, Ae hte 640...... ABS cae 1,025 
Weg ee gs BOO. 4.5 avers AGO. big eierss 1,105 
Shwe. pees ere Fas Rot eae « DLO. 4s Kyra 1,185 
Be iuctmiendterscols OD eaiaidbard atl Hacsietas 1,265 
LOM ee Be «08 Ua, ae OW Sasi sues 1,345 
NG ceeeleltetegsteliagvens adh aerate’ GOR iciaveninr © 1,425 
Lea OrRTs aerteysre 920) tystas (1 ne ees 1,505 
hee. eee OGD oc ane OOO eter are 1,585 
LO etet feed sre TO LOM 252 ye a 1,665 
Ae icwareteiecdiin.sy 5 Ne ODOM. cieesis TODD cx ons of 1,745 
PEN ies sue action aie W200) <i Pevaxe TED ee Suatels a 1,825 
LEMON SRR BAD. eee BAD sane 1,905 
lars acto he shee 1a eo ag a SAE ie: airos10i oie 1,985 
a Wales esa T5285) «sci aes STO iron apis 2,065 
Cy a arees eos) Sa OS Ot ene OOO we aeian 2,145 
OM eran Tord. sica tt hes eby cales sure 930 2,225 
AE elt Se RR ACES 1380) 2. vins Lt ee A 2,305 
PAS a OOL IS C DAUD eters, OD vis 2 2,385 
DO rr ousisias oie AAGO Sie 2 LODO) ote 5.0 2,465 
SOs tuna es vse OOO meters a6 TKOBOR Nie oe) aits 2,550 
Si ebatanaterene Sioee DOO! ete sre! TOSOl ss cscs 2,630 
AIS Puce meee TGOO ere sue UIQ) Shs eotes 2,715 


From reference 7, except as otherwise noted. Im- 
pulse values based on 1.5x40 microseconds positive 
wave. Values for 21 units and more are extra- 
polated. 


* From Locke Insulator Corporation catalog. 
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Figure 2. Practice in the use of suspension 
insulators 


been found that the two overhead 
ground wires are necessary, either for 
horizontal or vertical arrangement of con- 
ductors. If the two ground wires are 


placed close together, they blanket each 


other and the full benefit of the two wires 
is not secured. The effect is much the 
same as the effect of two rods driven in 
the ground. If the rods are close to- 
gether, the combined resistance is only 
slightly less than that of one rod, but if 
they are far enough apart, the combined 
resistance will approach one-half of that 
of one rod. 

In a single circuit line of the usual de- 
sign, with the conductors horizontally ar- 
ranged (Figure 5), it works out well me- 
chanically to place the ground wires above 
the tower legs or above the poles in a 
wooden H-frame arrangement, that is, on 
a vertical plane about midway between 
the two conductors. This has proved in 
practice to give good protection. 

In the double circuit vertical arrange- 
ment (Figure 6), the ground wires are well 
coupled with the top conductors but are 
more remote from the middle and especi- 
ally the bottom conductors, so that the 
coupling factor is rather low. To offset 
this loss of coupling factor, the ground 


wires should be spread farther apart. A 
good position in practice has been found 
to be about directly above the outermost 
conductors, which are usually the middle 
conductors. 

The ground wires should be high enough 
above the conductors to avoid flashover 
between conductors and ground wires at 
midspan. However, if the ground wires 
are too high, the coupling with the con- 
ductors will be small and in case the tower 
voltage is raised above ground by light- 
ning current in the tower, the voltage 
across the insulator string will be greater 
than it would have been with the ground 
wires closer to the conductors. 

It has been found by experience that a 
height of approximately two-thirds the 
spacing between conductors for the hori- 
zontal arrangement and approximately 
equal to the spacing between conductors 
for the vertical arrangement is about right 
to give good coupling to the conductors, 
and at the same time avoid midspan 
flashover. Spacing C, Table IV, follows 
these criteria. 

In regions where snow, ice, or sleet are 
likely to accumulate on the conductors, it 
happens occasionally on vertical arrange- 
ments (Figure 6) that the bottom con- 
ductor unloads its snow and ice and 
swings up level with or above the middle 
conductor. Also, in case of a coating of 
ice or sleet and a light wind in the proper 
direction, sometimes dancing or galloping 
occurs. In this case, the conductor 
swings in an oval loop (Lissajous figure). 
Lightning is not apt to be present under 
these conditions. Nevertheless, the spac- 
ing between conductors when in their 
closest position should be amply safe, so 


Figure 3. Horizontal arrangement of conduc- 

tors; actual spacing between conductors and, 

for comparison, spacing D for average line 
insulation 
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that the dynamic voltage or overvoltages 
will not flash over. It should be noted 
in this case that the voltage between con- 
ductors is the line-to-line voltage. Spac- 
ing E equal to two-thirds A would have 
a dry 60-cycle flashover approximately 2.5 
times the line-to-line voltage, while spac- 
ing E equal to A would have a 60-cycle 
dry flashover approximately 3.5 times 
the line-to-line voltage. In practice, 
spacing EZ may be as small as 0.5A for 
favorable snow and ice regions and up to 
1.5A for regions where unloading of ice 
or snow or dancing of conductors may be 
expected. 

Table IV gives the various spacings 
which co-ordinate with the different num- 
bers of insulator disks, all based on 5°/4- 
inch spacing between disks. In spacing 
D the width of the tower leg has been 
neglected. These values are plotted on 
Figure 7. If, for example, for a given 
transmission line seven disks are selected, 
then the spacings in Table IV correspond- 
ing to seven disks will co-ordinate with 
this number of disks. If for the same 
line it is desired to use nine disks, then all 
of the spacings should be increased to 
those corresponding to nine disks. 

On Figure 3 are shown spacings D 
based on average line insulation from 
Figure 2, for comparison with the spacings 
found in practice for horizontal arrange- 
ment of conductors. On Figure 4 are 
shown spacings C based on average line 
insulation from Figure 2, for comparison 
with the spacings found in practice for 
vertical arrangement of conductors. 

On lines with pin type insulators, there 
will be no swing of the conductors at the 
structure, so that spacing A could be used 
between conductor and down-lead as far 
as electric clearances are concerned. 
However, mechanical considerations may 
call for larger spacings, and spacing B 
would be applicable. 


Figure 4. Vertical arrangement of conduc- 

tors; actual spacing between conductors and, 

for comparison, spacing C based on average 
line insulation 


i! 


Table Il. Flashover of Standard Rod Gaps 


Barometer 30 Inches, Temperature 77 Degrees 
Fahrenheit, Vapor Pressure 0.6085 Inch 


60 Cycles RMS 


Gap 
Spacing, Dry Wet Impulse 
Inches Kv Ky* Ky 
Licota rete ate one DD aie tated met boas oo ate 38 
Ol, he/cos vane, hfe AQ) i «isis my to 60 
Bis agro dten aur BOvree ses Sn aA ar 75 
4 Tia Oe is DOM reisiniene ts vite 91-95 
Bice tomcat GBF "aan ee en 106-114 
BG rgere esata Th Brores aes Nice, teat 128-141 
Tigarebage alae a asta ZY saa er 141-155 
Cen ete BO” Eso labs Se eee 159-166 
Dit aerg srs msiore ale aC Se iene 175-178 
LON save t-cFaratace LOS SR een. SOy iene 190 
UB atetaie wl aniets LBOME sess L265 vin Peres 275 
20s eaten, eorkty 2000. vale io EF Os oan ova eee 350 
Lis cae cee 29 5) veaies.. 5 LBB... 7 kieniubiere 505 
Orie eee sath BSOme. veins Bae ce te Heo e 650 
BOs stoke nici 4800 se ASO Tne task 800 
GO os hes DIO. ares RO. wise ale RAE 945 
ics sivatteraporeae (of eA GOO; x aeectetteks 1,095 
SO w sie vio dvaw WOO" ‘wie. scare Crd Sa Men se tae 1,240 
DONS were teney BOO Ale suv WOO teed ec 8is 1,385 
OO Rosie -stsnss eh srate DUO Me: cuske BBO... pausreciee 1,530 
120). ctiansyesie duct LOD DM racials DT Oi ese, etal es 1,820 
TAO rousier a soos D200 tea 1 PEO) oii enters 2,110 
LG Ols.getehefe ti iets ISS OUMy et. cea L280 hee» oe 2,400 
USO sataresapis oats 1,450 1,350 . 2,690 
OOS Nte ere are sae 1560) oys.s oe IL AOU siete fe et 2,980 


From reference 7, except as otherwise noted. Im- 
pulse values based on 1.5x40 microseconds positive 
wave. Values for spacing above 100 inches are 
extrapolated. 


*From curve of Pittsfield General Engineering 
Laboratory. 


Wood Pole Lines 


Wood pole lines with hardware bonded 
and connected to grounded down-leads 
would be treated exactly the same as the 
steel tower lines previously discussed. If 
the hardware is not bonded, there will bea 
certain amount of wood insulation in cir- 
cuit, and the impulse value of this wood 
when dry may be evaluated at 100 kv per 
foot, and when wet at 50 kv per foot.’-9 
For conservative design, 50 kv per foot 
or the equivalent of one-half disk insula- 
tor for each foot of wood may be used. 

On account of the possibility of wood 
poles and crossarms splitting from the 
lightning flashover, it is desirable to have 
the flashover go from the conductor to the 
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down-lead through air, rather than via the 
insulator string and crossarm or pole. If 
the impulse flashover through air is made 
about the same as the insulator flashover, 
the added insulation of the wood in series 
with the insulator will ensure that the 


flashover will take place through air to © 


the down-lead. 


Tower Footing Resistance 


The selection of a particular insulation — 


and co-ordinated spacing of conductors 
does not assure that the line will not flash 
over because of lightning. Flashover can 
only be prevented by 


1. Shielding the conductors from direct 
strokes by properly placed overhead ground 
wires. 


2. Low tower footing resistance so that the 
product of tower current and resistance will 
not exceed the flashover of the insulation 
and spacing selected. 


Lightning currents to be expected may 
be determined from reference 10. Experi- 
ence has shown that flashover usually will 
not take place if the product of tower cur- 
rent and footing resistance does not ex- 
ceed the 1.5x40 positive flashover of the 
insulation or spacing to ground.’! For 
example, on a line with seven insulator 
units having an impulse flashover of 
695 kv, and assuming 100,000 amperes 
tower current, the footing resistance would 
have to be reduced to about seven ohms in 
order to prevent flashover. Reference 10 
indicates a reduction in footing resistance 
during surges as compared with the 
tested resistance. This reduction is 
greater the larger the lightning current 
and the larger the normal resistance. 
The reduction may be considered as a 
factor of safety when figuring on possible 


Figure 5. Single-circuit transmission line with 
horizontally arranged conductors 
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Figure 6. Double-circuit transmission line 
with vertically arranged conductors 


flashover based on the normal resistance. 
Also, by neglecting the coupling factor an 
additional factor of safety is secured. 

In some locations where the ground re- 
sistance is inherently high, it may be 
necessary to reduce the footing resistance 
by driven rods or counterpoise wires. 
Nevertheless, it may not be feasible or 
economical to obtain footing resistance 
valueslow enough. In these cases, it may 
be desirable to supplement the means al- 
ready used with ground-fault neutralizers, 
expulsion protector tubes, or automatic 
high speed reclosing. These supplemen- 
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Table Ill. Minimum Number of Insulator Disks for Transmission Lines Based on 5%/,-Inch 
Spacing 
qa) (2) (3) (4) (5) _ ©) (7) 
Number of Disks to Have 60-Cycle Wet f 
ae Flashover Equal to or Greater Than Average Basic 
Circuit Practice Impulse 
Voltage 3.5 XL-N 4XL-N 4.5XL-N 5xXL-N Number Level 
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tary means have been described amply 
elsewhere. }2:18+14 


Conclusions 


1. The 60-cycle wet flashover of line insu- 
lation should equal or exceed the voltages 
from faults and switching surges, that is, 
under the most advantageous conditions 
from 3 to 3.5 times normal line-to-neutral 
voltage, and under less favorable conditions 
up to 5 or 6 times normal line-to-neutral 
voltage. The impulse flashover should 
equal or exceed the basic impulse insulation 
level for apparatus. 


2. The number of insulators having a wet 
60-cycle flashover of 3.5 times line-to- 
neutral voltage is the minimum number 
which will meet the basic impulse insulation 
level. 


Figure 7. Relation between number of insu- 
lator disks and spacing for transmission lines: 


A—Conductor to nearest tower steel 
B—Conductor to vertical tower members 
C—Between vertical conductors and between 
conductors and ground wires 
D—Between horizontal conductors 
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8. Spacings between conductors, from con- 
ductors to tower, and from conductors to 
overhead ground wires should co-ordinate 
with the impulse flashover of the number of 
insulators chosen. ; 


Spacing A from conductor to the nearest 
tower steel should have an impulse flashover 
about ten per cent greater than the insulator 
string flashover. In feet this is roughly 
number of disks+1_ : 


2 


Spacing B, the horizontal distance from con- 
ductor to tower when the conductor is hang- 
ing vertically, equals 1.5A. 

Spacing C, between horizontal planes 
through conductors in the vertical arrange- 
ment, and between the plane of upper con- 
ductors and plane of ground wires, equals 
2A. The same spacing is used between the 
plane of conductors and plane of ground 
wires in the horizontal arrangement. 


Spacing D, between conductors in the hori- 
zontal arrangement, is 34. 


Spacing E, between vertical planes through 
middle and bottom conductors in vertical 
arrangement, varies from 0.5 to 1.54, de- 
pending on severity of snow and ice, and 
wind conditions. 


equal to 


4. Immunity from flashover depends not 
only on the insulation and spacings selected, 


Table IV. Co-ordination of Spacings With 
Number of Insulator Disks 


Number of 


Insulator Spacing Spacing Spacing Spacing 


Disks* A, Feet B, Feet C, Feet D, Feet 
Scr Di oder 3) nase RBar aa 6 
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DOVE. crete, «cs LD Stes, ee DSO aie eee 310 aster echo 45 
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* Spaced 53/4 inches. 
Spacings for intermediate numbers of disks may be 
interpolated. 


Refer to Figures 5 and 6 for location of spacings 
A, B, C, and D. 
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Synopsis: The problem of rating the trans- 


mission performance of telephone connec- 
tions is considered, including a review in 
considerable detail of a method proposed 
by J. R. Hughes.! With this background, 
a modification of Hughes’ technique is pre- 
sented with indications of certain attendant 
advantages. 


TELEPHONE, by definition, is a 
device for projecting the human 
voice beyond its normal range. There 


are other systems, of course, such as 


broadcasting, public address, paging, and 
recording-reproducing systems which per- 
form this same general function. 
has its own type of service, the nature of 
which accounts for the differences in 
equipment and technique peculiar to each 
system. The service offered by the tele- 
phone system makes it the most complex 
of all. Each subscriber must have his own 
telephone set which must have access to 
all other subscribers individually for 2- 
way conversation and be able to establish 
and disengage all possible interconnec- 
tions. The inherent complexity of estab- 
lishing the transmission paths may tend 
to distract attention from the primary 
function of the system, which is to convey 
intelligence by means of the spoken word. 


but on adequate shielding by overhead 
ground wires and sufficiently low tower 
footings resistance. In general, flashover 
will not be experienced if the footing re- 
sistance is less than the 1.5x40 microseconds 
positive impulse flashover of the insulation, 
divided by 100,000. 
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Since this is the reason for the existence of 
a telephone system, there should be ade- 
quate means of measuring its success in 
accomplishing this end. This is impor- 
tant both to maintain adequate service 
and to point the way for progress in the 
art. ieee 
This paper will discuss the methods of 
rating which have been used from time to 


time throughout the course of develop- - 


ment of telephone systems. Special at- 
tention will be given to a technique re- 
cently proposed by J. R. Hughes which 
will be reviewed in considerable detail. 
With this background, a presentation 
will be given of a modification of Hughes’ 
technique with certain indicated advan- 
tages. 

Since this discussion is concerned en- 
tirely with the transmission problem, the 
terms telephone system or connection are 
to be understood to refer to the equipment 
which makes up a complete voice trans- 
mission path from one subscriber to 
another. 


Basis of Rating Methods 


Inasmuch as the fundamental function 
of the telephone system involves the 
transmission of voice-produced electric 
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years, use as their unit some mea 


loss the weaker sig 

all signals received, W fall below 
audible limit. For that pete: 
methods for rating of telephone syste a 
which have been used throu; hout 


the loss in a unit length of: line. 


Rating Electric Circuit 
Components 


The earliest method used for specifying | 
line losses was to indicate the number of - 
miles of standard cable in the connection. 
Where lines other than standard (19 
gauge) cable were used, the number of 
miles of standard cable which would give 
the same reduction of current from input 
to output at an average frequency of say 
800 cycles per second would be the meas- 
ure of the line loss. When dealing with 
such lines it was necessary to use some 
measure of current reduction in the line 
to determine the length of standard cable 
which gave equal loss. Accordingly, a 
further step in development was to state 
the line losses directly as a function of this 
current reduction. Thus, the 800-cycle 
mile was born. It is a unit based on the 
loss in passing through one mile of stand- 
ard cable at 800 cycles per second, which 
is defined mathematically as the natural 
logarithm of the ratio of the input to out- 
put currents in one mile of standard cable 
(which is 0.109). Thus the formula for 
determining the number of 800-cycle 
miles corresponding to any values of input 
and output current on a properly termi- 
nated line is 2.30/0.109 |logio UZ in/TI out) }. 
Other circuit components are then rated 
in terms of the number of 800-cycle miles 
corresponding to the current or power re- 
duction resulting from their insertion in 
the circuit. 


Ratings of Transmitters 
and Receivers 


The most difficult problem in telephone 
transmission rating has been the develop- 
ment of an adequate method for deter- 
mining and expressing in simple and in- 


Paper 46-163, recommended by the AIEE commit- 
tee on communication for presentation at the AIRE 
summer convention, Detroit, Mich., June 24-28 
1946. Manuscript submitted June 27, 1945; made 
available for printing May 22, 1946. 
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ormative terms the performance of trans- 
nitters and receivers. 

Historically, the earliest attack on the 
problem is found in the volume or loud- 
ness tests. They were based on the fun- 


connections which would produce equal 
loudness in the listener’s ear were equally 
‘satisfactory and, therefore, would be 
"given equal ratings. Observers were 
asked to judge the relative loudness of 
_ two such connections. A series of obser- 
Brations were made with successively dif- 
Bent equivalent lengths of a standard 
trunk in one connection as compared to 
the other. When settings of trunk were 
. BActermined which gave equal loudness 
: for the two connections, the difference in 
equivalent length or attenuation was 
a taken as the difference in rating of the 
two systems. Thus the performance of 
_ over-all connections, including the effects 
’of various subscriber sets, was rated in 
terms of equivalent trunk losses. 
Initially, the standard trunk used for 
~ such comparisons was the 19-gauge stand- 
ard cable (referred to previously) and 
the ratings were expressed in terms of a 
number of miles of standard cable. It had 
‘the disadvantage of not producing uni- 
form attenuation throughout the fre- 
quency range. Consequently, adjust- 
- ments of the trunk changed not only the 
level but also the response-frequency 
characteristic by producing larger changes 
of attenuation at high frequencies than at 
- low frequencies, thus making equality of 
loudness difficult to judge. It eventually 
was decided to replace the standard cable 
by a 600-ohm distortionless trunk. With 
the adoption of this trunk, the unit of 
line loss was replaced by a new unit of 
approximately the same magnitude, but 
defined as 10 logy» (P in/P out) and called 
at first the transmission unit (TU) and 
later the decibel (db). 


Quality Differences 


In the course of the loudness compari- 
sons which were used in telephone instru- 
ment ratings, it often would be apparent 
to the observers that when the trunk had 
been adjusted for a loudness match, there 
was still a difference in the sound of the 
reproduced voice over the two systems, 
even when the distortionless trunk was 
used. Such differences commonly are 
described as quality differences. It seems 
evident that when the quality differences 
are large they so significantly may affect 
the intelligibility of speech transmitted 
over the system that volume rating alone 
becomes inadequate as a performance in- 
dex. 
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damental assumption that two over-all 


Judgment Tests 


Barlvest attempts to take account of 
quality differences were the judgment 
tests. In these tests after the systems 
under comparison had been adjusted for 
equal volume, various observers were 
asked to listen to representative sentences 
transmitted over the system and give 
their judgment as to which system they 
preferred. The systems were rated ac- 
cording to the relative number of votes 


cast for each. A glaring weakness of the — 


method is that the preferences expressed 
often may be quite unrelated to the actual 
transmission merits of the system and 
thus may be definitely misleading. 


Articulation Testing 


A much more fundamentally sound and 
informative method of evaluating the ef- 
fects of quality differences is the articu- 
lation test. It has been used since before 
1910? and its value still is recognized. 
The test is conducted in the following 
manner. Each of a number of callers 
speaks a list of meaningless monosyllables 
or “‘logatoms’’ over each of two systems 
to be compared. The logatoms prefera- 
bly are inserted in sentences. A group of 
observers at the receiving end of the sys- 
tems record the logatoms as they under- 
stand them. The percentage of sounds or 
logatoms correctly received is called the 
per cent articulation of the system. Per 
cent articulation is more significant than 
volume rating alone in that it does take 
account of quality differences as well as 
volume differences. A definite disadvan- 
tage, as compared to volume ratings, is 
that ratings of system components may 
not be simply combined to determine 
over-all ratings of connections of varied 
make-up. It is conceivable, however, that 
series of articulation tests may be taken 
on each system in such a manner that 
their results might finally be expressed 
in units suitable for this purpose. This 
will be discussed further in connection 
with immediate appreciation testing. 


Analysis of Quality Differences 


The existence of quality differences be- 
tween systems led to development of 
other kinds of testing in which the spe- 
cific objective was to explain the quality 
differences. Such tests are referred to 
commonly as objective tests, since they 
measure the physical characteristics of 
the system-without dependence on the 
user’s judgment or opinion. Their highest 
development is found in the use of artifi- 
cial mouth and ear equipment.* They 
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are very valuable tests for their intended \ 
purpose of analysis of performance. 
However, they do not afford a straight- 
forward means for the rating of over-all 
performance in simple terms which are 
interpreted readily and hence need not 
receive further consideration here. 


The Complete Rating Problem 


The preceding discussions have called 
attention to the fact that one telephone 
connection may differ from another in the 
quality of the received speech as well as 
in volume or loudness. Quality differ- 
ences may be either in frequency distor- 
tion (unsatisfactory balance of response 
throughout the voice frequency range) or 
in nonlinear distortion (the introduction 
by the circuit equipment of additional 
frequencies not present in the original 
speech). In addition to these effects, 
there are differences caused by the fact 
that the circuit is required to provide 2- 
way transmission with an invariable cir- 
cuit, that is, without switching of trans- 
mitter and receiver alternately into the 
circuit for talking and listening, respec- 
tively. The result is the condition com- 
monly described as side-tone, that is, a 
reproduction of a portion of the sound 
picked up by the transmitter of a given 
set in the receiver of the same set. Dur- 
ing transmitting the presence of this side- 
tone causes the user to lower his voice, 
the amount depending on the amount of 
such side-tone. On receiving, side-tone 
introduces noise into the listener’s re- 
ceiver picked up from the room in which 
he is listening, the amount of such noise 
being dependent on the amount of room 
noise and the efficiency of the side-tone 
path. 

It is evident that any figure of merit 
which is intended to serve as a measure of 
the over-all value of a telephone connec- 
tion in conveying intelligence in actual 
service must be obtained in such a way as 
to include the effects of all of these char- 
acteristics of the equipment and their 
interactions on the users. 


The Repetition Rate Test 


The repetition rate test*® was con- 
ceived and developed in the Bell Tele- 
phone System as a practical means of pro- 
viding such a figure of merit. In this 
method, the test data are obtained by 
monitors on actual telephone connections 
of known make-up who make records of 
the number of times that the users, in the 
course of their conversations, give evi- 
dence of failure to understand each other. 
The monitors also observe the elapsed 
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“time for each conversation. ‘The data are 
summarized to give the number of repeti- 
tions required per unit time. This is 


called the repetition rate for the connec- — 
tion. Such data are statistical in nature 


tae a large number of such observations 
must be made to give results of acceptable 
precision. Data are taken ona large num- 
ber of different connections to cover the 


tange of equipment types to be rated.. 


The repetition rate is taken as the funda- 
mental measure of the degree of success in 
carrying on conversations. Advantages — 
of the volume rating system are retained 
by including in these tests measures of 
the variation of repetition rate with varia- 
tion of length, or attenuation in decibels, 
of distortionless trunk included as part of 
the connection for this group of tests. It 
is then possible to convert variations of 
repetition rate caused by changes of any 
part or component of a telephone connec- 
tion to equivalent changes in distortion- 


less attenuation expressed in decibels. 


This gives a rating system in which the 
performance of any component of a con- 
nection may be stated in terms of the 
number of decibels of effective trans- 
mission loss as compared with the corre- 
sponding component of a standard refer- 
ence system. 

The basis of these ratings, the repeti- 
tion rate test, has come to be generally re- 
garded as the ultimate criterion of satis- 
factoriness of the over-all transmission 
path of a telephone connection. Disad- 
vantages of this method are that it is 
essentially a field test, not adaptable to 
the laboratory, requires a very long time 
to obtain data, and is not generally prac- 
tical for operating companies or manu- 
facturers to use because of privacy re- 
quirements. The Bell System was able 
to overcome the latter difficulty by using 
several hundred stations in the American 
Telephone and Telegraph Company head- 
quarters building and a like number at 
the Bell Telephone Laboratories. 


The Immediate Appreciation Test 


The immediate appreciation test! is an 
attempt to bring the repetition rate test 
into the laboratory. In other words, it is 
a proposed means of overcoming the dis- 
advantages of the repetition rate test and 
still obtaining a rating which will include 
the effect of all the various system charac- 
teristics and the user’s reactions to them, 

In the application of the method, talk- 
ing and listening crews speaking over the 
connection to be rated use lists of 20 sen- 
tences, each of about six to ten words, 
simple and straightforward in type, and 
extracted from the ordinary news columns 
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Figure 1. Immediate appreciation test—com- 
parison of transmitting substations 


‘Curve 1—Connection from transmitting sub- 


station A to receiving substation 
Curve 2—Connection from transmitting sub- 
station B to receiving substation 


of a daily newspaper. The listener is 
simply asked to decide whether or not he 
appreciated the meaning of each sentence 
immediately without any sort of delay or 
introspection on his part. On this basis 
he records each sentence as a success or 
failure. The percentage of successes is 
the percentage immediate appreciation 
and is taken as the criterion of perform- 
ance of the system. It is this particular 
testing technique which distinguishes the 
test from other subjective tests. (These 
are tests which use talking and listening 
crews.) Other details which will be dis- 
cussed have to do with means of taking 
account of the effect of service conditions 
(that is, speaker’s volume level and room 
noise) and the means of presenting the 
data and converting it to more useful 
form. 

Assuming the tests are so arranged as 
to take adequate account of service con- 
ditions, it will be seen that the outstand- 
ing difference from the repetition rate test 
is in the fact that the listeners also become 
observers in the test, so that the test data 
come directly from them instead of from 
monitors. The record, however, is based 
on fundamentally the same reaction, the 
difference being that the listener, as a re- 
sult of a failure to appreciate the meaning 
of what has been transmitted, records this 
failure instead of requesting a repetition. 
Advantages are that the tests can be made 
in the laboratory, the required data can be 
obtained in a much shorter time since con- 
tinuity of testing may be obtained, and 
the sensitivity of the method is higher, 
thus reducing the amount of required 
data and testing time. A possible disad- 
vantage is a certain degree of artificiality, 
a fault of any laboratory test. In this 
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is the fact that the aia obt 
intended to indicate spendin 
rectly the success of the telephone co cor nnec 
tion in conveying the meaning of « x 
nected words (that is, expression _ 
thought) from talker to listener. As 
from these disadvantages of the artic 
tion method, there appears to be no reason 
why the methods to be presented for rat 
ing of systems by application of the aK 
mediate appreciation technique might 
not use equally well the logatom articu- 
lation technique. 

In the immediate appreciation tests, th 
direct result of a test run on two system 
to be compared will show for the particu-_ 
lar test conditions the per cent apprecia-— 
tion for each system. This, in itself, is a_ 
valuable indication of the relative perform-_ 
ance of two systems. However, in order 
to enable expression of the results in more 
useful form, a number of runs are taken > 
on each system, the amount of distortion- 
less trunk in the connection being set at a 
new value for each run. Resultant data 
permit the plotting for each system of a 
curve of per cent appreciation as a func- 
tion of trunk attenuation. Such curves 
are shown in Figure 1. Figure 2 shows by 
block diagram typical circuits which are 
used in obtaining these data. In Figure 
1 the difference R of attenuation in deci- 
bels at a given level of per cent apprecia- 
tion is taken as the difference in effective 
transmission of the two systems for the 
given test conditions. Thus, if this per 
cent appreciation is taken at a value 
which is agreed upon as representing a 
satisfactory standard of communication 
efficiency, it is indicated in the given ex- 
ample that 7.5 decibels more attenuation 
may be inserted in connection 2 than in 
connection 1, and still furnish transmis- 
sion equal to the specified standard. It 
might be argued that 100-per-cent appre- 
ciation should be used. However, for 
practical reasons, a value somewhat short 
of this (95 per cent) is used. One reason 
is that the slope of the curves in this 
region allows the comparison to be made 
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ore precisely; also, in general, it is not 
economical to design for perfection. 


the figure for any system. A little con- 


sideration will show that it is a funda- 
mental result of the test method. A diffi- 


culty, of course, would be presented by a 


_ system of such poor characteristics that 


95-per-cent appreciation would be im- 
possible to attain at any attenuation set- 
pone. However, there would be no prac- 
tical interest in trying to rate such a sys- 
_ tem. 3 


"Treatment of Service Conditions 


=) 


4 


" 


In his article on this method, J. R. 
Hughes gives extensive discussion of a 


- statistical technique for taking account of 


. 


the range of service conditions. The sta- 


tistical method is based on frequencies of 
occurrence of various values of speaker’s 


volume level and room noise determined 


from a large number of measurements of 


__ these quantities (in the case of room 
noise at actual subscriber locations). It 


consists of a procedure for weighting the 


‘observed data in accordance with these 


frequencies of occurrences. In making 


2 these tests the talker’s volume level has 
to be treated in such a way that any tend- 


ency of the presence of side-tone, which 
he hears from his own receiver, to influ- 
ence the loudness of his voice will be per- 
mitted to have its normal effect. This 
means that no artificial control should be 
exercised, such as the instruction to main- 
tain a constant specified speaking level 
which is the common procedure in the 
usual voice-ear volume tests or articula- 
tion tests. In lieu of such control, the 
method of relating the speaking levels of 
the crew to the range of service distribu- 
tion is by measurement of their natural 
speaking level; that is, the level at which 
they speak most naturally when convers- 
ing, without a telephone, in a quiet room. 

In obtaining the data for application of 
this statistical technique, it is necessary to 
take several families of curves to give the 
required information on variation of per 
cent appreciation with service conditions’ 
The several families are taken each for a 
different fixed value of room noise at the 
transmitting end of the connection, each 
curve in a given family being obtained for 
a different value of room noise at the 


_ listening end. Thus each individual curve 


of each family gives the variation of per 
cent appreciation with attenuation of dis- 
tortionless trunk for a different combina- 
tion of transmitting and receiving end 


room noises. About four families of four 
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_ This method of interpretation of re- 
sults assumes that it always will be possi- 
ble to obtain a curve of the type shown in 


curves each are required. Variations of 
speaking level are taken as equivalent to 
variations of distortionless trunk setting. 

By application of the statistical tech- 
nique to these data, a single figure of 
merit is obtained which indicates how 
much more attenuation may be inserted 


in the better of two circuits and still ob-. 


tain a grade of transmission at least equal 


.to the accepted limiting value (95-per- 


cent appreciation) on the same percentage 
of all calls as on the poorer system. 


A Modified Technique 


In the foregoing discussions of imme- 
diate appreciation testing, interpreta- 
tions of the test data have been made in 
terms of the excess amount of distortion- 
less attenuation which must be inserted 


te 
in the better of two systems in order to 


make the two systems equivalent in their 
ability to transmit intelligence. In the 
data discussed in connection with the sta- 
tistical technique, this equivalence is es- 
tablished on the basis of an equal per cent 
of calls, enjoying at least 95-per-cent im- 
mediate appreciation; and the resultant 
rating is a composite figure dependent on 
all combinations (suitably weighted) of 
room noise levels and speaking levels oc- 
curring in service. In contrast to this, in 
standard Bell System effective ratings, 
the equivalence of two systems is estab- 
lished on the basis of equal success in con- 
veying intelligence in the presence of a 
single representative (reference) value of 
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Figure 2. Diagram of connections for a 
typical immediate appreciation test 
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room noise existing at each end of the 
connection in each of the two systems. 
It seemed desirable in developing a labora- 
tory test for rating telephone systems in 
this country to express the ratings on this 
basis. 

The adoption of such a basis would re- 
sult, also, in a very considerable reduction 
(to about 1/16) in the amount of test data 
required. This is true since it would 
mean that the data for determination of 
the several families of curves discussed in 
connection with the statistical technique 
would be reduced to that necessary to 
give a single curve for each system under 
test, such as 1 or 2 shown in Figure 1. 
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The full extent of this simplification is not 
at once evident and may not be permis-— 


sible always, since the technique em- 


ployed still must take account of the serv- 
ice range of speaker’s volume level, in- 
cluding the effects of side-tone character- 
istics of the transmitting subsets on this 
level. Accordingly, these tests must be 
conducted without instruction to the 
talkers to maintain any spore speaking 
level. 

In general, it would be necessary to ob- 
tain a family of curves of per cent imme- 
diate appreciation as a function of dis- 
tortionless trunk setting for each connec- 
tion to be rated where the several curves 
of a family would be taken, each with a 
different crew having a different natural 
speaking level. The difference R (Figure 
1) between the curves for two systems 
being compared would be taken for each 
crew. A weighted average value of R 
then would be obtained in which the 
weighting would be in accordance with 
the frequency of occurrence of the respec- 
tive values of natural speaking level in 
service. 

The ultimate simplification possible in 
the use of this method results by applying 
the fundamental assumption which pro- 
vides the basis for Hughes’ statistical 
technique. This is derived from his ob- 
servation that under actual talking con- 
ditions amplitude distortion, even in sys- 
tems using carbon transmitters, is negli- 
gible. The corollary to this is that 
changes in the amount of attenuation in 
the distortionless trunk may be taken as 
representing, also, changes of the speak- 
er’s volume level. Applying this assump- 
tion, for example, to the curves of Figure 
1 leads to the following conclusions. Sup- 
pose that curves 1 and 2 and the resultant 
difference R between the two systems 
have been obtained with a crew having a 
given natural speaking level. Now sup- 
pose that this data were repeated with a 
crew having, for example, a 10-decibel 
higher natural speaking level. Applica- 
tion of the foregoing principle leads imme- 
diately to the prediction that the new 
curve 1’ (not shown) for the connection 
involving’ transmitting substation A will 
be obtained from curve 1 by adding ten 
decibels to the abscissa for each point, 
that is, the new curve will be displaced 
horizontally ten decibels to the right from 
curve 1. The new curve 2’ (not shown) 
for the connection using transmitting sub- 
station B will be obtained in an exactly 
similar manner from curve 2. Thus the 
difference R’ between curves 1’ and 2’ 
will be identical to the difference R. 
Hence the difference R will be independ- 
ent of the natural speaking level so that 
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only a single curve of per cent apprécia- 
tion as a function of distortionless trunk 
setting need be taken for each connection 
to be rated. 

When the assumption of equivalence of 
variations of attenuation of distortionless 
trunk and of speaker’s volume level are 
not substantiated, the method of using 
several crews having different natural 
speaking levels should be adopted. This 
still would require only about one-fourth 
of the data required by Hughes’ complete 
statistical technique and has the further 
advantage in this caseof taking account of 
any existing amplitude distortion effects 
which are neglectedby the fundamental 
assumption of the Hughes’ method. 

If ratings are desired for other room 
noise levels, they are obtained by repeat- 
ing tests of the foregoing type with the 
room noise adjusted to the required level. 
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As a simplifying approximation, such 
tests may be taken on a representative 
system, and the difference between the 
ratings for average room noise and the 
required room noise may be applied as a 
correction to the rating determined on 
any other system in question at the aver- 
age (reference) room noise level. 


Conclusion 


The simpler form of the modified test- 
ing technique described has had some ap- 
plication in the rating of transmission per- 
formance of subscriber’s sets. The lim- 
ited amount of testing which has been 
done up to this time indicates this tech- 
nique to be quite feasible. The imme- 
diate appreciation test in this general 
form, therefore, gives promise of being a 
very valuable tool in evaluating the over- 
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all merit of developments in telephone 


transmission equipment. 
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HE PROCESSING of starch requires 
large quantities of water. Thus, when 
the United States Sugar Corporation 
‘recently added the processing of starch 
. to their activities, it was natural to install 
_their new plant, which makes use of sweet 
potatoes as the raw product, at Clewiston, 
Fla. Clewiston is located in the Ever- 
‘glades near Lake Okeechobee. Lake 
Okeechobee is a shallow lake but it covers 
an area of over 700 square miles, second 
in area only to Lake Michigan in the 
United States. 
When the new starch plant was 
planned, it was calculated that the maxi- 
“mum daily demand for water would be 
4,000,000 gallons with 3,000,000 of these 
_gallons requiring purification before being 
sed in starch processing. An analysis 
of the water of Lake Okeechobee indi- 
‘cated that the best source of water for 
the processing of starch on a purity and 
‘temperature basis was four miles from 
the levee of the lake. These findings re- 
sulted in the decision to build a concrete 
pumping station in Lake Okeechobee, 
four miles from the levee and a total of 
seven miles from the water treatment 
plant where the water is treated before 
being used in the starch processing. 
_ A view of the pumping station is shown 
in Figure 1. The inside diameter of the 
station is 40 feet and the walls are 2'/, 
feet thick. The station is slightly over 40 
feet from top to bottom with the water 
level normally being about 15 feet above 
the lower floor.level. 
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A 24-inch-diameter cast iron pipe car- 
ries the water from the pumping station 
to the water treatment plant. The pipe 
is buried approximately four feet below 
the bed of the lake. A 75-horsepower elec- 
tric motor and a 180-horsepower gasoline 


engine are used to pump water through - 


the pipe. Electric power is fed to the 
pumping station from the water treat- 
ment plant over a 4,000-volt power cable 
which is laid in the same trench with the 
pipe. 

The relative inaccessibility of the 
pumping station led to the decision to pro- 
vide control of the pumping equipment 
from the water treatment plant rather 
than having an operator located in the 
pumping station. 

The remote control of the pumping 
station could have been accomplished by 
means of wires in a submarine control 
cable which would have had to be in- 
stalled in addition to the power cable, or 
by means of power-line carrier supervisory 


A view of 

pumping station 

showing entrance 
door 


Figure 1. 
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control operated over the power cable. 
Economic considerations led to the ap- 
plication of carrier equipment to the 
4,000-volt power cable. 

Figure 2 is a single line diagram of the 
essentials of the power system at the 
water treatment plant and at the pump- 
ing station. The connections of the car- 
rier equipment to the power cable also are 
indicated. 

No carrier line traps were necessary on 
this installation because the power cable 
is terminated with the electric motor at 
the pumping station and with an auto- 
transformer at the water treatment plant. 


New Features of Installation 


This installation of carrier-operated su- 
pervisory control equipment incorporates 
quite a number of operating and design 
features not previously employed. Fol- 
lowing is a list of these features: 


1. Operation of power-line carrier equip- 
ment over a submarine cable. 


2. The use of standard low voltage capaci- 
tors for coupling to the power line instead of 
standard coupling capacitors, thus making it 
possible to omit line tuning units. 


3. The complete incorporation of power- 
line carrier equipment including coupling 
equipment in a metalclad switchgear as- 
sembly. 


4. Selective telemetering through the 
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supervisory control equipment over a single- 
frequency power-line carrier channel with- 
out the use of audio tones for modulation of 
carrier.! 


5. Establishment of communication circuit 
over single-frequency power-line carrier 


channel through supervisory control equip- . 


ment. 


Cable Characteristics 


A total of 35,000 feet of 3-conductor 
power cable is used between the water 
treatment plant and the pumping station 
for the transmission of 4,000-volt 3-phase 
power. 

A 22,800-foot length of armored sub- 
marine cable is used from the levee on the 
shore to the pumping station. The ar- 
mored cable is laid in the same trench 
with the 24-inch water pipe. The sub- 
marine cable has number 4 conductors and 
is protected with number 8 Birmingham 
wire gauge galvanized armor. The out- 
side diameter of this cable is approxi- 
mately 2.06 inches. Figure 3 shows the 
construction of the armored cable. 

A 12,200-foot length of rubber-jacketed 
cable is used from the levee, where it is 
spliced to the submarine cable, to the 
water treatment plant. This cable is 
laid in trenches across farm land at a 
depth of approximately four feet. No 
cover protection is used as this is below 
cultivating depth. 

The characteristic impedance of ordi- 
nary high-voltage transmission lines is 
about 800 ohms for line-to-line channels 
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Calculated Decibel Loss for 4,000-Volt Power Cable (22,800 Feet Armored an 
12,200 Feet Rubber Jacketed) From Field Data* 
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and about 500 ohms for line-to-ground 
channels.? The characteristic impedance 
of both the armored and the jacketed 
cable used on this installation is approxi- 
mately ten per cent of the usual values 
for ordinary transmission lines, the line- 
to-line impedance being approximately 
85 ohms and the line-to-ground imped- 


ance being approximately 45 ohms. 


When the carrier equipment was first 
placed in operation, the carrier sets were 
used to ‘obtain a check on the line-to- 
ground attenuation values for the cable, 
which had been calculated previously 
from factory test data. 

To obtain data necessary to check the 
factory test data, the carrier equipment 


, at each location was set on the proper tap 


of the matching transformer to match the 
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45 ohms characteristic impedance of the 
cable. The accuracy of calculated at- 
tenuation values is dependent on having 
the line terminated in its characteristic 
impedance. The complex nature of the 
carrier receiver circuit makes ‘it impos- 
sible to choose a setting which will pro- 
vide exactly the right termination for all 
frequencies. However, because of the 
relatively high cable losses it was believed 
that only slight inaccuracies would result 
from the termination not being exact at 
all frequencies. The results obtained 
indicate that the carrier equipment pro- 
vided satisfactory termination at all fre- 
quencies. 

The carrier transmitter at the pumping 
station was adjusted to various frequen- 
cies with the high frequency voltage and 
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Figure 2. Single line diagram of power system at the water treatment plant and at the pumping station 
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ad at the water treatment plant for 
| different frequency. 
om the test data obtained it was pos- 


e to calculate the attenuation values 


the cable at the various frequencies. 
nsmission losses usually are expressed 
decibels. The decibel is expressed 


Es numerically as follows:3 


. Bee 
b= 10 log a 


a 


~ where 


_ db =decibel loss (attenuation) 


ia A 
_ P,=power in 
5 eg =power out 


4 If the two points at which the voltage 


is measured have identical impedances, 


F ‘the decibel also can be expressed as fol- 


db = decibel loss (attenuation) 
_ E,=voltage input 
_ £,=voltage output 


ae 
7 


Table I shows the readings of current 


and voltage as well as the calculated 
values of decibel loss and impedance. 
_ The values of impedance which were cal- 


culated from the voltage and current 
input readings indicate that the termi- 


nation consisting of the carrier receiver 
_at the water treatment plant was not 
exactly correct for all frequencies since 


the calculated impedance values should 


have been the same at all frequencies. 


Curve A of Figure 4 shows the decibel 


loss for the entire cable plotted against 


the cable. 


for the jacketed cable alone. 


frequency, the values used being those 
shown in Table I. The values for the en- 
tire cable check well with factory test 
data obtained prior to installation of 
The factory tests indicated 
somewhat higher losses for the submarine 
cable alone and somewhat lower values 
Curve B of 
Figure 4 shows the decibel loss per mile of 
the submarine cable and curve C of Figure 
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Figure 4, Curves of cable attenuation 


A—Total decibel loss for entire cable from 


field data 


B- -Decibel loss per mile of submarine cable 


from factory test data 
C—Decibel loss per mile of jacketed cable 
from factory test data 


ae | 


4 shows the decibel loss per mile of the 
rubber jacketed cable. Curves B and C 
are plotted from factory test data. 


Carrier Coupling Equipment — 


_A standard line of coupling capacitors 
is available for introducing carrier fre- 
quencies to power lines.? This line of 
coupling capacitors is available for system 
voltages from 15 kv to 345 kv. The de- 
sirability of keeping these coupling capaci- 
tors to a reasonable size resulted in their 
being designed with low values of capaci- 
tance. These low values of capacitance 
result in a relatively high capacitive react- 
ance for even the carrier frequencies from 
45to165ke. Since the carrier sets are de- 
signed for matching a line impedance 
which is essentially resistive, a line tun- 
ing unit is used with the standard line of 
coupling capacitors to cancel the capaci- 
tive reactance of the coupling capacitor, 
thus making it possible to match the 
carrier sets to a resistive impedance. 

The smallest carrier coupling capacitor 
which could have been used on this instal- 
lation is for use on 15-ky lines. ‘The size 
of this unit is such that it could not have 
been incorporated conveniently in the 
assembly of metalclad switchgear. Also, 
a line tuning unit would have been re- 
quired since the capacitive reactance of 
this coupling capacitor at a frequency of 
50 ke is 320 ohms whereas the character- 
istic impedance of the cable from line-to- 
ground is only 45 ohms. 

Since the carrier equipment on this in- 
stallation was to be operated from line- 
to-ground, it was decided to use a standard 
2,300-volt capacitor similar to those used 
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Figure 5. Rear view of metalclad unit with | 
cover removed showing coupling capacitor 


for power factor correction to couple the 
carrier equipment to the power cable. 
The capacitor chosen has a capacity of 
0.4 microfarad. Due to the small size of 
this capacitor no difficulty was encoun- 
tered in mounting it in the rear compart- 
ment of the metalclad switchgear unit 
which houses the supervisory control and 
catrier equipment. Figure 5 shows the 
capacitor mounted in the metal clad unit 
at the water treatment plant. 

The capacitive reactance of the 0.4- 
microfarad capacitor which was used is 
only eight ohms at a frequency of 50 ke. 
This low value of capacitive reactance 
made it unnecessary to use a line tuning 
unit. The use of a 0.4-microfarad capac- 
itor on this low voltage line results in a 
flow of less than 0.4 ampere of 60-cycle 
current to ground. 

The carrier drain coil, grounding switch, 
and protective gap as shown in Figure 2, 
are all mounted on a protective panel 
mounted on the barrier between the high 
and low voltage compartments of the 
metalclad unit. The front of this protec- 
tive panel can be seen near the top of 
Figure 6. 


Carrier Equipment 


The power-line carrier equipment on 
this installation is of the rack and panel 


TRANSACTIONS 701 


This type of construction makes 
it possible to build a unit for any carrier 
application, by making an assembly of 


type.’ 


the necessary standard panels. In this 
case a transmitter panel, receiver panel, 
and modulator panel were required at 
the pumping station and at the water 
treatment plant. 

The carrier equipment at both locations 
is mounted on a swinging panel inside of 
one of the metalclad switchgear units. 
Figure 6 shows the front of this swinging 
panel at the pumping station. 

The carrier equipment is operated from 
125-volt batteries at each location. The 
carrier transmitters and receivers are ad- 
justable over a frequency range from 45 
to 165ke. The transmitters have a nomi- 
nal power output of 15 watts and opera- 
tion is possible with the signal attenuated 
30 decibels. 

The transmitter panel consists of a Col- 
pitts oscillator (one tube) and of a 6-tube 
push-pull amplifier. The amplified car- 
rier frequency output is fed into an iron- 
cored radio frequency transformer whose 
secondary winding couples the carrier to 
the line through the coupling capacitor. 

The receiver panel consists of a biased 
detector which is saturated when a satis- 
factory signal or a stronger than satis- 
factory signal is received. Thus, the 
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Figure 6. View at 

pumping station 

showing front of 

swinging carrier 
panel 


terially altered for wide variations in re- 
ceived signal strength. The output of the 
detector supplies rectified current for the 
supervisory control receiver relay. 

The modulator panel includes the 
matching transformers, resistors, and re- 
lays for modulating the transmitter for 
voice communication, for matching the 
carrier receiver to the telephone receiver, 
and for inserting attenuating resistance 
in the receiver circuit for improved com- 
munication. 

On this installation both transmitters 
and both receivers are operated at the 
same frequency. The equipment is being 
operated at a frequency of 45 ke, since 
the attenuation in the cable is consider- 
ably less at lower frequencies. 


Supervisory Control 


The supervisory control equipment on 
this installation operates by means of 
coded impulses with each code transmit- 
ted being checked by a duplicate code origi- 
nating at the other station. The im- 
pulses are transmitted at the rate of 15 
per second and all selection and control 
impulses are of the same duration. 

Carrier impulses are transmitted by 
the supervisory control equipment by 
having the supervisory control impulsing 
contact close the carrier keying circuit. 
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All carrier impulses which are originate 
at either the pumping station or the wat 
treatment plant result in the carrier re- 
ceiver relay at both locations being oper- 
ated since both transmitters and receiv: 
operate on the same frequency. The car- 
rier receiver relay is of the same general 
type as the rest of the supervisory con- 
trol relays and is mounted in the super- 
visory control relay case. 

Figure 7 shows the metalclad switch- 
gear unit on which the supervisory con- 
trol equipment is located at the water 
treatment plant. This figure shows the 
individual escutcheons or key and lamp 
plates for each of the functions performed 
by the supervisory control equipment as 
well as the supervisory control relay case 
and the water flow indicator. 

The supervisory control equipment per- 
forms the following functions: 


1. Start, stop, and supervise electric motor. 


2. Start, 
engine. 


stop, and supervise gasoline 


3. Control and supervise automatic—man- 
ual transfer. 


4. Supervise electric motor annunciator. 


Figure 7. 
control unit at water treatment plant 


Front view of carrier supervisory 
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5. Supervise gasoline engine annunciator. 
6. Supervise burglar alarm. 

7. Selective telemetering of rate of water 
pumped. 


8. Establishment of communication cir- 
cuits. 


Communication 


Communication between the water 
treatment plant and the pumping station 
is provided over the carrier channel 
through the supervisory control equip- 
ment. Picking up the telephone hand set 
at either location results in the proper 
selection codes being transmitted by the 
supervisory control equipment to ring 
the telephone bell at the location being 
called. The telephone bell continues to 
ring until the call is acknowledged by 
picking up the telephone hand set at the 
called location or until the telephone hand 
set is restored at the calling location. 
When the telephone hand set is picked up 
at the called location, the supervisory 
control equipment automatically locks 
out and the communication circuits are 
established. Push-to-talk communica- 
tion is used since the carrier transmitters 
and receivers all are adjusted to the same 
frequency. When communication is es- 
tablished the carrier receivers are oper- 
ated automatically on the linear portion 
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of the detector tube characteristic curves 
so that undistorted demodulation can be 
effected. 

The supervisory control equipment re- 
mains locked out until the telephone hand 
sets are restored. When both telephone 
hand sets are restored, the supervisory 
control equipment atitomatically unlocks 
and is ready immediately for other opera- 
tions. 


Telemetering 


A recorder with a 7-day chart is in- 
stalled in the pumping station to record 
the rate of water pumped in millions of 
gallons per day. This recorder operates 
on impulses received from a telemetering 
transmitter arranged to measure water 
flow by a venturi tube connection. The 
telemetering transmitter which is used to 
send impulses to the recorder also is con- 
nected to the supervisory control equip- 
ment so that a selective indication of rate 
of water pumped can be obtained at the 
water treatment plant over the supervi- 
sory control channel. 

The telemetering equipment operates 
on the duration of impulse principle. 
Each cycle of the transmitter is divided 
into an on and an off period. Minimum 
reading is obtained on the receiver with 
miniinum on period and maximum read- 
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Figure 8. Schematic diagram of automatic and manual control of electric motor and gasoline engine 


ing is obtained with maximum on period. 
The telemetering equipment used on this 
installation operates on a 5-second cycle. 
At zero water flow there is an on period 
of approximately 0.5 second and at a flow 
of water equal to full scale deflection onthe 
receiver (15,000,000 gallons per day) there 
is an off period of approximately 0.5 sec- 
ond. 

When the telemetering point is selected 
at the water treatment plant, the tele- 
metering receiver is connected to the car- 
rier receiver at the water treatment plant 
and the telemetering transmitter is con- 
nected to the carrier transmitter at the 
pumping station. The supervisory con- 
trol equipment is arranged to be inopera- 
tive to the carrier impulses resulting from 
the operation of the telemetering trans- 
mitter, when the telemetering equipment 
is thus connected to the carrier channel. 
The indication of the amount of ‘water 
being pumped may be retained at the 
water treatment plant as long as desired. 

Release of the telemetering indication 
and restoration of the supervisory control 
equipment is effected by restoring the pull 
type selection key just as for the release 
of other functions. However, in this 
instance, keying of the carrier transmitter 
at the water treatment plant for the su- 
pervisory control reset impulse is auto- 
matically held off until completion of a 
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telemetering impulse, which may be in 
progress. The reset impulse is transmitted 
at the end of the telemetering impulse and 
operates the supervisory control receiver 
relay at both the water treatment plant 
and the pumping station. The duration 
of the supervisory control reset impulse is 
approximately one-fifth of a second so 
that the reset impulse can be completed 
in the off period of the telemetering trans- 
mitter even though the minimum off pe- 
riod of 0.5 second is in effect due to full 
scale reading being obtained. 

The supervisory control receiver relay 
at the pumping station operates on all 
telemetering impulses when the teleme- 
tering function is selected. Operation of 
both the telemetering transmitter con- 
tact and the supervisory receiver relay 
does not allow the supervisory control 
equipment to reset. However, operation 
of the supervisory control receiver relay 
with the telemetering transmitter contact 
open, such as results when the reset im- 
pulse is transmitted from the water treat- 
ment plant, causes the equipment to reset 
and restore to normal, releasing the super- 
visory control equipment for other func- 
tions. 


Control of Electric Motor and 
Gasoline Engine at Pumping 
Station 


Figure 8 is a schematic diagram of the 
automatic and manual control for the 75- 
horsepower electric motor and the 180- 
horsepower gasoline engine which are used 
to pump water from the pumping station 
to the water treatment plant through the 
24-inch pipe. 

An automatic-manual transfer scheme 
which can be operated either from the 
water treatment plant or the pumping 
station by means of the supervisory con- 
trol equipment is employed. A latching 
type relay 43 is used to effect this transfer. 
It is to be noted from the schematic dia- 
gram that the coils of this relay can be 
operated either from a push button sta- 
tion located at the pumping station or 
from supervisory control interposing re- 
lays. 

When the manual contacts of the trans- 
fer relay 43 are closed, the electric motor 
and the gasoline engine are independently 
under the control of local push button sta- 
tions and the supervisory control equip- 
ment. Thus, when on manual control, the 
operator at the water treatment plant can 
start or stop either the electric motor or 
the gasoline engine at will. Hither unit 
can be operated to pump water or both 
units can be operated to pump water at 
the same time. 
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MANUAL CONTROL OF ELECTRIC MOTOR 


When the electric motor is started on 
manual control from either the push but- 
ton station at the pumping station or from 
the water treatment plant by means of 
the supervisory control equipment, motor 
control relay 4M is first energized. This 
relay seals itself in through a make con- 
tact of auxiliary voltage relay 27X. Con- 
tacts of motor control relay 4M energize 
the solenoids of the normal and emergency 
cone values of the pump driven by the 
electric motor providing there is no surge 
of water at the time. When the limit 
switch on the normal cone valve closes, 
motor start relay 6 is energized. A con- 
tact of relay 6 completes the circuit to the 
motor breaker closing relay 52X and relay 
52X in turn energizes the closing coil of 
the motor breaker. The motor thus is 
started and water is pumped. 

If the electric motor is stopped by 
means of the push button at the pumping 
station, by the supervisory control 
equipment, or if voltage relay 27 closes its 


"back contact due to loss of voltage or low 


voltage, motor control relay 4M is de- 
energized. This de-energizes the normal 
cone valve solenoid of the electric motor 
pump. When the limit switches on the 
normal cone valve open, the emergency 
cone valve solenoid is de-energized and 
motor start relay 6 is de-energized. A 
contact of relay 6 energizes the trip coil 
of the motor breaker, stopping the motor. 


wv ma 


Emergency shutdown of the ele 
motor results if overcurrent relay 51 
thermal overload relay 49 operate. Opera- 
tion of either of these relays energize 
lockout relay 86 which must be manuall 
reset. Relay 86 simultaneously de-ener- 
gizes motor control relay 4M and trips 
the motor breaker. 


MANUAL CONTROL OF GASOLINE ENGINE 


When the gasoline engine is started on 
manual control from either the push but- 
ton station at the pumping station or from 
the water treatment plant by means of 
the supervisory control equipment, en- 
gine control relay 4 is first energized. 
This relay then seals itself in. Contacts 
of engine control relay 4E energize the 
solenoids of the normal and emergency 
cone valves of the pump driven by the 
gasoline engine and also complete a circuit 
to the gasoline engine starting panel, the 
detailed operation of which is not shown 
on the schematic diagram. Thus, the 
cone valves start to open and the gasoline 
engine starts providing there is no surge 
on the water line and the oil pressure of 
the engine is up. 

When the gasoline engine is stopped 
from either the push button station at the 
pumping station or by the supervisory 
control equipment, engine control relay 
AE is de-energized. When relay 4£ is de- 
energized it immediately releases the sole- 
noid of the normal cone valve of the 
pump driven by the gasoline engine. 


Figure 9. Wiew showing electric motor and gasoline engine in pumping station 
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4 With the automatic contacts ef: the 
BP atster relay closed, the electric motor 
will be running if there is voltage avail- 
able and the lockout relay is not oper- 
ated. When on automatic control the 
electric motor cannot be stopped from 
‘either the push button station or from the 
water treatment plant by means of the 
‘supervisory control equipment. If a 
transfer from manual control to automatic 
‘control is effected from either the 
‘pumping station or the water treatment 
plant the electric motor will start if it 
‘was not already running and the gasoline 
engine will stop if it was running. 
_. If when on automatic control the 4-kv 
voltage should fail at the pumping station 
or the lockout relay 86 should operate, the 
electric motor is stopped and the gaso- 
line engine is started automatically. 
‘If the electric motor stops as a result of 
loss of voltage and voltage again becomes 
available the gasoline engine automati- 
cally stops and the electric motor starts. 
When on automatic control, either the 
electric motor or the gasoline engine will 
be running if conditions are satisfactory 
for either to be running, with preference 
being given to the electric motor. The 
electric motor and the gasoline engine 
‘never will pump water simultaneously 
when on automatic control. 


Conclusions 


Power-line carrier equipment has been 
applied to transmission lines for more than 
20 years. The majority of the applica- 
tions have been for protective relaying 
and communication with the carrier in 
most instances being operated over open 
construction transmission lines rated 33 
kv or greater. While there is still much 
information to be obtained concerning 
operation of power-line carrier equipment 
over such lines considerable empirical data 
have resulted from tests made on some of 
these applications so that the perform- 
ance of the carrier equipment usually can 
be predicted fairly accurately for pro- 
posed applications.’ 

Up to the present time there have been 
very few applications of power-line carrier 
equipment to low voltage lines. This is 
especially true in the case of power cable. 
The possibility of combined functions on 
carrier channels makes it economically 
sound to apply carrier equipment to lower 
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tating machines was considered by 
many to be a haphazard collection of un- 
related numbers. One reason for this 
view was that insulation resistance read- 
ings rarely were taken under the same 
conditions. Many of the factors which 
greatly affect insulation resistance were 
notknown. Inthepast decade, significant 
contributions have been made toward a 
better understanding of the problem.!~4 
The influence of insulation temperature, 
time of application, and magnitude of 
test voltage, moisture, and machine. size 
were recognized. 

Study of the problem by the ATER sub- 
committee on insulation resistance has 
resulted in the preparation of a proposed 
“Recommended Practice for Insulation 
Resistance Testing of A-C Rotating Ma- 


Paper 46-157, recommended by the AIEE commit- 
tee on electric machinery for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 19, 
1946; made available for printing May 28, 1946. 


_ J.S. Jounnson is an insulation development engineer, 


a-c engineering department, and Conrap WEIL is an 
insulation engineer, d-c engineering department. 
Both are in the transportation and generator divi- 
sion of the Westinghouse Electric Corporation, East 
Pittsburgh, Pa. 


The authors gratefully acknowledge the assistance 
of the following people: A. M. Harrison for engi- 
neering guidance; Doctor Casper Goffman for ad- 
vice and criticism in statistical problems; Henry 
Glitsch, James Nicalo, and Josephine Garber for 
assistance in the compilation of the data. All are 
of the Westinghouse Electric Corporation. 


voltage lines in many instances, and it is 
expected that there will be many such ap- 
plications in the future. The results ob- 
tained on the installation described indi- 
cate that standard carrier sets which will 
operate through a 30-decibel loss can be 
operated over considerable distances of 
power line cable. There is a need for simi- 
lar installation data on future applica- 
tions so that operation over cable can be 
predicted as accurately as operation over 
open construction power lines. 

This installation of power-line carrier 
on a low voltage line indicates that there 
will be many applications of carrier 
equipment to low voltage lines (either 
open construction or cable) where it will 
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"Factors Affecting Insulation Resistance 


of Large D-C Machines 


CONRAD WEIL 
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chines.” Its purpose is to summarize 
existing knowledge, make specific recom- 
mendations for test procedures, and give 


‘minimum insulation resistance formulas 


for new machines. Reference to d-c ma- 
chines was omitted because it was recog- 
nized that the problem on these machines 
in some respects was different, and that 
further study was necessary. It was 
hoped, however, that in the near future 
sufficient progress would be made on the 
d-c problem to permit extension of the 
proposed recommended practice to in- 
clude both classes of machines. 

To assist in this problem, insulation re- 
sistance data on new d-c machines over 
1,000 horsepower have been accumulated 
by the authors and their associates over 
a 5-year period. The purpose of the pres- 
ent work has been to determine, from a 
statistical examination of these data, the 
relative effect of the principal factors 
which affect the insulation resistance of 
d-c machines. In addition to previously 
recognized factors, such as machine size 
and insulation temperature, the absolute 
humidity of the surrounding air has been 
found to have an important effect on the 
insulation resistance of commutator type 
machines. This study has led to the de- 
velopment of an insulation resistance for- 
mula for d-c machines which includes all 
of these factors. It has been recognized 


be desirable to consider coupling means 
other than the standard line of coupling 
capacitors from an economic and space 
standpoint. 
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Figure 1. Frequency distribution of the ratio 
of computed to actual slot area showing cor- 
relation of various formulas 


' Data based on representative designs of 200 
d-c machines of 100 horsepower and more 


by the authors that for greatest useful- 
ness, such a formula should express the 
relationship of the various factors in terms 
of simple arithmetical processes. Ac- 
cordingly, a linear relationship involving 
rated horsepower, speed, and the winding 
insulation dimensions has been devel- 
' oped and compared to the existing for- 
mula. The correction factor for the effect 
of absolute humidity at the time of test, 
which has been included in the formula, is 
a new concept. 
The factors which affect measured val- 
ues of machine insulation resistance may 
be grouped as follows: 


1. The nature and condition of the insula- 
tion material. 


2. The design and construction of the ma- 
chine. 


8. The conditions of test. 


Quantitative evaluation of the effect of 
these influences is difficult because of the 
complex structure of machine insulation. 
There is also a lack of basic knowledge of 
the fundamental processes involved and a 
lack of control of factors which have an 
important effect on machine insulation 
resistance. 


Machine Insulation Structure 


In general, insulation leakage between 
machine components may be segregated 
into two parallel paths, one through the 
body of the insulation itself, the other 
over the surface of the insulation. The 
relative magnitudes of the surface and 
volume leakage currents depend on the 
physical proportions of the insulation 
structure and the extent to which each is 
affected by existing conditions. It is 
usually difficult to determine the relative 
extent that each of these currents con- 
tributes to the total insulation leakage. 
In the case of stator windings of a-c syn- 
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chronous Pk induction actgues it. ron 
perhaps reasonable to assume that sur- 
face leakage currents have a negligible | 
effect on the total leakage current. Ex- p 
perience has shown, however, that at 
least under normal operating conditions 
the insulation resistance of d-c machines 
is determined largely by creepage factors. of 1,000 to 7,000 eri 
The same also appears to be true of new insulation resistance data 
d-c machines under certain conditions of available for machines of 
atmospheric humidity. horsepower, it was felt by 
The basic difference between a-c syn- that the dividing line betw 
chronous and induction machines and d-c large d-c machines should 
machines from an insulation standpoint power. Therefore, in. the develo 
is the existence of relatively large exposed _ of the size correction which is included in 
creepage areas which are inherent in the the suggested minimum formula, n 
design of d-c machines. This is caused chines of 100 horsepower and higher were 
principally by the commutator and to a considered. “ins Aa 
lesser extent by the brush rigging, series, In this work effort was directed toward 
commutating, and compensating wind- estimating from a statistical study of the 
ings. Therefore, it isreasonable toexpect jnsulation resistance data known design 
that the insulation resistance characteris- proportions of the machines and known 
tics of commutator type machines would conditions of test, the probable influence 
be different from machines without of the principal factors which contribute 
commutators and that, in general, the +o the measured value of insulation resist- 
commutator type machines would have ance. A further purpose of this work had 


a 


lower values of insulation resistance. been to relate these factors into a simple 
usable formula for expressing expected 
Scope of Work insulation resistance of new machines in 


terms of parameters which are known 

The insulation structure of large d-c easily obtainable. In the development 
machines usually consists of armature of the ideas advanced in this paper, only 
circuit insulation and shunt field insula- general purpose d-c machines of ratings of 
tion. The insulation resistance of the 100 horsepower or more were considered. 
shunt field winding is usually relatively The following, therefore, does not neces- 
high. The armature circuit insulation sarily apply to special types of d-c ma- 
resistance is of principal importance be- chines such as are used in the traction 
cause it is usually lower and more af- field, , 
fected by external conditions. The insula- 


tion of the armature circuit includes Development of Formula Relating 
Rated Horsepower and Speed to 
Machine Size 


are 20 PERCENT RELATIVE cor 
HUMIDITY AT 70 F One of the factors which influences 
measured values of insulation resistance, 
which is not related to the nature or 
condition of the insulation, is the physical 
size of the machine. A major shortcom- 
_ing of the present AIEE minimum insula- 
tion resistance formula is that it makes 
no significant allowance for this factor. 
More rational formulas were proposed in 
1934 by Wieseman which take into ac- 
count effective insulation area and thick- 
ness. Although basically sound, these 
formulas have not enjoyed widespread 
use, largely because of a general unwilling- 


-20 PER CENT RELATIVE HUMIDITY 
F 


CORRECTED TO 100 
25 PER CENT RELATIVE| [7 
HUMIDITY AT 72F f 
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25 PER CENT RELATIVE HUMIDITY | 
CORRECTED TO 100 F e ry 
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ab PER GENT SEL OTINE ness to handle formulas involving frac- 
HUMIDITY AT 100 F tional powers. For greatest usefulness in 

Ps 3 * a a pr practical insulation resistance formula, a 
NUMBER OF DAYS relationship among the various factors 


Figure 2. Insulation resistance decrease and which involve relatively simple arithmeti- 
recovery of a d-c armature exposed to 90 cal processes is desirable. Accordingly, 
per cent relative humidity at 100 degrees anattempt has been made in this work to 

Fahrenheit develop a linear formula for armature 


Johnson, Weil—Insulation Resistance ELECTRICAL ENGINEERING 


Figure 3. Record of the average and range of 
‘the daily vapor pressures for the Pittsburgh 
: area for 1940 to 1946 


circuit insulation resistance of d-c ma- 
chines 100 horsepower and higher which 
includes the effect of machine size. 

_ Under conditions where surface creep- 
age is negligible, machine insulation re- 
_' sistance would be expected to vary in- 
E versely as the ratio of insulation contact 
Ff area to thickness. Where surface creep- 
__ age has an appreciable effect, the logic of 
Z making a size correction based on contact 
area, at first glance, would appear ques- 
tionable. More careful analysis, how- 
— ever, reveals that there is a substantially 
_ linear correlation between contact area 
a and effective creepage area. Therefore, 
o even where surface creepage is not negli- 


a 


area can be used as a basis for size correc- 
tion. 

The considerations involved and as- 
_ sumptions made in the development of a 
linear formula, relating machine size to 
rated voltage, horsepower, and speed are 
as follows: 


1. The total insulation area under con- 

sideration includes that of all the windings 
in the armature circuit. In the develop- 
ment of the formula, only the insulation area 
in the armature slots is considered. The 
other areas involved are comparatively 
small and, in addition, are roughly propor- 
tional to the slot contact area. 


2. The slot contact area of the armature is 

- equal to the product of the slot perimeter, 

_ the number of slots, and the length of the 
armature iron. 


3. Although slot insulation thickness is, 
in general, a function of voltage, the slot 
~ jnsulation thickness for large d-c machines 
is substantially constant. Therefore, rated 
voltage need not be included in the formula. 


4, The machine output for a given tem- 
perature rise and average conditions of elec- 
tric and magnetic loading is related to arma- 
ture size by the following fundamental de- 
sign relationship: 


Horsepower 
ls eh a =K,d?l 
Revolutions per minute 


where d and J are the armature diameter and 
length, respectively. 


5. The slot depth is approximately con- 
stant. 


6. An average value is assumed for the slot 
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- gible, it appears that insulation contact 


pitch (center to center distance between 
slots). Actually, this value may vary by a 
maximum of plus or minus 30 per cent. 


7. An average value is assumed for the 
ratio of armature length to diameter. This 
value may vary by as much as plus or minus 
80 per cent of the average value. Slot area, 
however, varies as the cube root of this 
ratio. 


From the foregoing it follows that 


K 
Aint area eee aie iad) 
slot pitch 
where a=1/d. 
Horsepower ee PLx ad? 


Revolutions per minute 


| horsepower is 
(revolutions per minute)a 


where d, J, and slot pitch are in inches, 
slot area is in square inches. 


horsepower fa 
(revolutions per minute) 


(1) 


The best linear approximation for equa- 
tion 1 was determined and is as follows: 


Slot area = xf 


horse er 

Slot area=Ky Be Stk ei ner 2 
revolutions per minute 

(2) 


Actually, the values K, and Ks (equa- 
tions 1 and 2) are not constants because 
of the assumption of average values for 
design factors which affect machine size 
without directly affecting machine out- 
put. Average values, however, were ob- 
tained by substituting actual slot areas of 
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Figure 4. Correlation of median value of 
volumé resistivity with vapor pressure at time 
of test 
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CS se Kray ee 
200 representative designs into the for- 
mula and solving for K, and’ Ks in equa- 
tions 1 and 2. The averages thus ob- 
tained for K, and Ks were found to be 
4,800 and 1,500, respectively. => 

The validity of the foregoing formula 
was checked by comparing the ratio of 
computed to actual slot areas for each 
formula. The computed ratios for the 
200° representative designs were ar- 
ranged in increasing order and plotted on 
arithmetic probability paper (see the 
appendix). Figure 1 shows a comparison 
of correlation for equations 1 and 2 as 
well as the Wieseman formula for 200: 
representative designs of d-c machines in 
the range of 100 to 7,000 horsepower. 
For purposes of comparison, a constant 
for the Wieseman formula was determined 
in the same manner as K, and K;. It is 
apparent that the linear formula com- 
pares favorably with the other formulas 
and also has the advantage of simplicity. 
A size correction based on this linear re- 
lationship therefore is included in the 
minimum insulation resistance formula 
suggested by the authors. 


Effect of Absolute Humidity 


Insulation resistance of all rotating 
machines is affected by prevailing atmos- 
pheric moisture conditions. For this 
reason, machines built and tested during 
the winter months, in general, have ap- 
preciably higher insulation resistance 
values than identical machines built and. 
tested during the summer months. This 
effect is, in general, greater on commuta- 
tor type machines where large creepage 
areas from bare copper to ground exist. 
Study of the data reveals that insulation 
resistance of the armature circuit of d-c 
machines is affected by a combination of 
atmospheric moisture conditions at the 
time of test, and during the period of 
manufacture. 

The insulation resistance measurements 
of the armature circuit windings dis- 
cussed in this work were made shortly af- 
ter the running test. Since condensation 
of atmospheric moisture on the insulation 
surfaces greatly distorts insulation re- 
sistance, all tests were made with insula- 
tion temperatures five to ten degrees 
above room conditions. Measurements 
were made at 500 volts d-c and one min- 
ute after voltage application. 

The effect of extreme humidity condi- 
tions on the insulation resistance of a d-c 
armature is illustrated in Figure 2. This 
armature which was initially at equi- 
librium at 70 degrees Fahrenheit and 20 
per cent relative humidity, was exposed 
to 90 per cent relative humidity at 100 
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degrees Fahrenheit for 17 days and then 


returned to the initial ambient conditions. _ 


A reduction to 1/13 of the initial resist- 
ance after making corrections for tempera- 
ture was observed at the end of the first 
day. The temperature correction is based 
on a ten to one decrease in insulation re- 
sistance for a 50-degree-centigrade tem- 


perature increase. A further reduction of 


one half was observed for the succeeding 
16 days. Upon returning to room condi- 
tions of humidity and temperature, a 
rapid recovery to approximately one half 
of the initial insulation resistance value 
was observed. It, therefore, is apparent 
that the insulation resistance of a d-c 
armature is affected greatly by the pre- 
vailing atmospheric conditions at the time 
of test. 

To evaluate the effect of atmospheric 
moisture conditions on insulation resist- 
ance, correlations of absolute and relative 
humidity at time of test with insulation 
resistivity were attempted. The insula- 
tion resistance of the 1,100 machines was 
corrected for machine size by multiply- 
ing the measured values by the ratio of the 
effective slotarea andinsulation thickness. 
The units of insulation resistivity thus 
obtained were megohm-inches. 

Comparison of insulation resistivity 
with relative humidity at time of test re- 
vealed no significant correlation. How- 
ever, sitice it was evident from Figure 2 
that humidity conditions at time of test 
should affect the insulation resistance sig- 
nificantly, a correlation between insula- 
tion resistivity and absolute humidity was 
attempted. Absolute humidity differs 
from relative humidity in that it is a 
quantitative measure of atmospheric 
moisture. Relative humidity merely ex- 
presses the ratio of actual atmospheric 
moisture to the maximum or saturation 
conditions for a given temperature. Since 
absolute humidity at saturation varies 
logarithmically with temperature, it is 
evident that relative humidity by itself 
ds not a measure of atmospheric moisture. 

For practical purposes vapor pressure 
in inches of mercury is a convenient 
measure of absolute humidity. A record 
of daily average and range of vapor pres- 
sures in the Pittsburgh district for the 
years 1941 through 1945 is shown in Fig- 
ure 3.* These observations were made 
less than five miles from the place of 
manufacture and were assumed to repre- 
sent ambient moisture conditions at the 
plant. 

Figure 4 shows the correlation of me- 
dian insulation resistivity with vapor 
pressure at the time of test (see the ap- 


* Data obtained from original records of the Pitts- 
burgh Weather Bureau. 
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RESISTANCE CORRECTED FOR 
400 MACHINE SIZE 


MEDIAN 1.9x107 
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OF TEST, 
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Figure 5. Comparison of insulation resistance 
frequency distributions before and after cor- 
rections—1,100 d-c machines 


pendix). Based on this correlation, all 
armature insulation resistivities were 
corrected to a vapor pressure of 0.1 
inch of mercury. Figure 5 shows a com- 
parison of the uncorrected insulation re- 
sistance data, the same data corrected for 
machine size, and the same data again 
corrected for vapor pressure at the time of 
test. It is evident from Figure 5 that cor- 
rections for machine size and vapor pres- 
sure based on the foregoing correlation 
produce an improvement in the central 
tendency of the data. 

Although the correlation shown in Fig- 
ure 4 is based on vapor pressure at time 
of test, it actually includes the effect of 
vapor pressure during manufacture. This 
is true because, in most cases, the aver- 


Table I. Correlation of Average Resistivity 

of 700 Identical D-C Armatures by Months, 

With Average Vapor Pressure at Month of 
Test and Two Months Prior to Test 
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Avg 

Resistivities 

Avg Uncorrected Corrected 
Vapor Avg to 0.1 
Pressure, Resistivities, In. Hg, 

In. Megohm-In. Megohm- 

Month Hg 107 In. X 107 

January scars: Ure SW Rare TAR Ie Puctien apeyeycs 6.9 
February...... Qa aie rate e Rie mecte cteies 4.8 
March Csi ay Osos ts as 8 tle ae eee 8.0 
Aprils aauvieresre On 20 i tvateica 20d Antes Cee EO 
MEO ye wale ole nes ORS Trees otis tO eee aoe 7.2 
PUBE ire ite ciara’ OOS summiercaeO TOOteete nee 6.5 
Jil yin sieteteps ote ae ODBGS chiar. OC basen. ee 11.5 
Auptists asics, 2 OBB estas OL 26 eis 7.8 
September..... URC romano OE st caceeperei ac 8.3 
Octobefinnn ce OF 2b tomes Lh Revere; 22.6 
November..... OL Fister ahers Bis Oui cna eee / 
December..... OTL2 Ny.) eterats BO erat. wistaere 9.0 
Jantiary. iv. ONLSs cebrese Dis ottietr ae 8.3 
February...... OA yeti ieciremenre 5.2 
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age vapor pressure conditions d 
manufacture and test are substan 
the same. For purposes of applying a 
rection for vapor pressure at the time 
test in a minimum insulation resistan 
formula, it is desirable to separate the ef- 
fect of vapor pressure during manufacture 
from that at the time of test. ‘ 

An examination was made of the insula- 
tion resistance of a large number of 
identical machines which were built at a 
rate of approximately 50 machines per 
month over a 15-month period. Table I 
shows the average insulation resistance 
of these armatures and the average 
monthly vapor pressures. If the follow- 
ing assumptions are made, it will be seen 
from column 3 of Table I that in most 
cases reasonable approximations for the 
effect of vapor pressure can be made: 


1. Insulation resistance is inversely pro- 
portional to vapor pressure at time of test. 
Figure 2 shows a 13 to 1 initial reduction 
in insulation resistance for a 13 to 1 increase 
in vapor pressure. 


2. Insulation resistance is inversely pro- 
portional to the vapor pressure at time of 
insulation varnish treatment. In the case 
of these machines, the time of varnish treat- 
ment is assumed to be two months prior to 
the month of test. 


3. The over-all correction for manufactur- 
ing and test conditions is the product of the 
individual corrections for each influence. 
This assumption was made because it was 
found from inspection of the data of Table I 
that a correction of this sort correlated the 
observed data. Since only the creepage 
component of insulation resistance is af- 
fected by the vapor pressure at the time of 
test, the foregoing assumption implies that 
the principal effect of the humidity condi- 
tions during manufacture is on the creepage 
resistance. 


Based on the preceding assumptions, a 
formula for correcting all the observed re- 
sistivities to constant vapor pressure 
conditions of 0.1 inch of mercury is as 
follows: 


Corrected resistivity = 


oe VP,., VP: 
uncorrected resistivity X —— xX —= 
ad ae 


where VP, and VP: are vapor pressures 
at the time of test and two months prior 
to the time of test, respectively. Column 
3 of Table I indicates that, except for the 
months of October and November, 
monthly average resistivities corrected to 
constant vapor pressure conditions are 
approximately the same. Corrections, 
therefore, were made individually to the 
entire group of machines excluding those 
tested in October and November. Figure 
6 gives a comparison of the frequency dis- 
tribution of uncorrected and corrected 
data grouped according to multiples and 
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_ After a machine is in operation, the 
effect of moisture conditions at the time 
, of varnish treatment would be expected 
to diminish, and in time the moisture 
content of the insulation is determined 
by the prevailing ambient and operating 
conditions. The real criterion of the 
moistureproof quality of machine insula- 
tion is not necessarily its moisture con- 
tent, but rather the rate at which mois- 
ture is absorbed under given conditions, 
Under conditions of operation, accumula- 
oe , of conducting particles on the ex- 

posed creepage surface may have a pre- 


pALiCce. 


- Suggested Minimum Formula 


The principal requirement for an ideal 
minimum insulation resistance formula is 
a a simple relationship between the factors 
_ which are known to affect the machine in- 
 sulation resistance. These factors should 
a 
j be in terms of parameters which are 
_ known or are easily obtainable at the time 
a of test. 
+ 
1, Variation of slot area, for d-c machines 
in the range of 100 to 7,000 horsepower, has 
a maximum range of 100 to 1. A simple 
relationship between output and speed rat- 
_ ing has been developed which makes an av- 
erage correction with a 27 per cent disper- 
sion. Since slot area varies to a certain ex- 
_ tent independently of the output or speed 
rating, significantly closer correction does 
not appear possible. 


2. Variation of the exposed creepage surface 
of the armature is approximately linearly re- 


lated to the slot area of the armature so that — 


any corrections made for slot area also will 
apply to this factor. 


3. Insulation wall thickness, because of the 
limited voltage range of d-c machines, may 
- be considered constant. 


4. Insulation temperature for new d-c ma- 
chines, where insulation resistance decreases 
by a factor of approximately ten, increases 
from 25 to 75 degrees centigrade. There is 
a relatively small amount of data on tem- 
perature-insulation resistance slopes of d-c 
machines. More data are needed to estab- 
lish average values and probable dispersions 
for machines both when new and under 
operating conditions. In the meanwhile 
the effect of temperature is minimized best 
by consistently measuring the insulation re- 
sistance at approximately the same tempera- 
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NUMBER OF MACHINES 


dominating influence on insulation resist- 


eH ae ae Aly MEDIAN 1.9 x107| 
a oy MEGOHM INCHES | 


100 


RESISTIVITIES RFR FOR VAPOR 
€ OF TEST&2M 
PRIOR TO TEST p SIMOW ES 


MEDIAN 71x 107 
MEGOHM INCHES 


100 


eae ob te 
MULTIPLES OF MEDIAN’ VALUE 
Figure 6. Comparison of insulation resistivity 
frequency distributions for 700 identical d-c 
machines before and after corrections for 
vapor pressure 


ture. Five to ten degrees above ambient 
would be a convenient temperature. The 
possibility of moisture condensation then 
would be eliminated. If measurements are 
made at or close to room condition, tempera- 
ture correction to 25 degrees centigrade, 
based on an assumed average slope, will 
introduce relatively small errors. 


5. Absolute humidities immediately pre- 
ceding the time of test have been shown to 
affect the measured insulation resistance by 
as much as ten to one for variations normally 
encountered. A simple correction for this 
factor in terms of ambient temperature and 
relative humidity at the time of test is pos- 
sible for this variable. 


It might be pointed out here that insula- 
tion temperature, as well as absolute 
humidity, has a diminishing effect on in- 
sulation resistance of machines operated 


_in service under conditions where an ac- 


cumulation of conducting dirt is likely to 
be deposited on the exposed creepage sur- 
faces. 

Assuming that a simple formula which 


Table II. Correction Factor for Absolute 
Humidity at Time of Test in Terms of Ambient 
Temperature and Relative Humidity 


oe 


Ambient 
Temperature, Correction 
Deg F Factor* 
EO Sr aieta) cite testhile ts sacayo, + che o0:0 ‘wlan’ 6. alioice, iran vibe 0.18 
DO ate Tettirietais otete ate ar Uo ctore wwrele 4 a's 0.30 
SOM ahatvbelete aielcle: Siesaus ls. «lalelslatel cles! eheysincs 0.48 
AO RCA ated israel ovsoin plaselens) ain cniayal aia 0.70 
BOM cites tel otetsnt sols! cite) sie) 9: of suotohel eiaielle| 816i fe 1.00 
Gi eeretet oped excl oie ols lo vo'lay.s/i0is) 2)is\ ete) svefe islioge, o's 1.47 
Tins, oats eIOIeIeICt ick On ac CACORE: 2.15 
emanate eet ins ted) accucre) <lale sel offenayel sip a/'ei'ei alle 2.95 
Opera terre cl ane tssie sale cle suerveeie sug eleie aus 3.90 
MO DM erecevanete let sinie:o10b/ sietelevaio(ereieeleneke,s.« 5.50 


* #, =factor X per cent relative humidity. 
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"gives the average ecneceds gdsdlatihn 
resistance of a d-c armature is possible, 


~ the selection ofa suitableminimuminsula- hee 


tion resistance formula depends upon 
what this formula thus determined is in- 
_tended to represent. If the criterion is - 
the value which is safe for application of 
the proof voltage test, the level of insula-— 
tion resistivity set by the formula, if 
moisture is considered to be the contami-. 
nating agent, should depend primarily on 
when the insulation contains a sufficient — 


- quantity of moisture to affect adversely 


the short-time dielectric strength of the 

insulation. It does not appear possible 
at the present time to state definitely 

what this resistivity should be. Explora- 

tory tests for paper-backed sheet-form 

mica insulation indicate that the short- 

time breakdown does not begin to be af-_ 
fected significantly until the resistivity is 

of the order of 1/10,000 or less of the av- 

erage new machine insulation resistivity. 

However, while moisture contamination 

is the principal source of low insulation 

resistance of new machines, it is not the 

only possible cause. Values of insulation 

resistance, which would be considered 

safe if the assumption could be made that 

the cause was uniformly distributed 

moisture, might not be safe if caused by 

some other factor such as defective or 

damaged insulation. It should be empha- 

sized that a high value of insulation re- 
sistance is no guarantee of adequate di- 
electric strength for test or operation. 

Insulation defects are possible which do 
not affect the insulation resistance. At 
best, insulation resistance indicates the 
existence and approximate extent of con- 
taminating influences which affect insula- 
tion leakage. 
procedure possible at the present time 
in the selection of a minimum formula is 
to reach some agreement as to 


1. What the average resistivity of new ma- 
chine insulation should be. 


2. Some reasonable method by which the 
minimum insulation resistance shall be cal- 
culated from this average value. It should 
be recognized that the selection of this 
minimum has no logical basis except that it 
represents the best estimate possible at the 
present time. 


Based on the foregoing considerations, 
the following formula is suggested for 
minimum insulation resistance of new d-c 
armatures of ratings of 100 horsepower 
and higher. Essentially, the formula is an 
expression for the expected average arma- 
ture circuit insulation resistance of a new 
machine after correction for machine 
size, insulation temperature at the time 
of test, and absolute humidity at the time 
of test. Since the ground insulation on 


TRANSACTIONS 


It appears that the best . 


709: 


‘aah 


! 


voltage. 


range is limited and in: 


mess is substantially unaffected | by rated a 
‘Therefore, the voltage factor 2 


thas been omitted i in the formula. 


=F 


Ms 4,000 _ Fx 


i horsepower 
Nee aiaioue, per minute? 


Ri =minimum insulation resistance in meg- »gection. for vapor pressure at time of test and in the distrib 


ohms at 25 degrees centigrade 
Sn =correction factor for absolute humidity — 
at time of test (see Table IT) 


In addition to this formula, a 2-megohm 
Minimum insulation resistance is sug- 

_ gested for armatures when the calculated 
value from the formula is below this 
value. In general, these armatures 
would be large and important, and there 


is the ever-present possibility that the 


low insulation resistance might not be 
caused by moisture contamination, but 
might be the result of other localized de- 
fects. 


Summary and Conclusions 


Analysis of insulation resistance data of 
1,100 d-c machines in the range of 1,000 
to 7,000 horsepower has resulted in the 
rationalization of the complex factors in- 
volved. Consideration and segregation 
of the principal factors which influence 
measured values of insulation resistance 
has enabled a better understanding of the 
relative effect of each. In addition to 
previously recognized factors such as ma- 
terial resistivity, insulation temperature, 
and machine size, the absolute humidity 
of the surrounding air has been found to 
affect significantly the insulation resist- 
ance of commutator type machines. The 
total effect of humidity on new machines 
at the factory has been shown to consist 
of 


1. The effect of prevailing atmospheric 
humidity during insulation treatment. 


2. The effect of atmospheric humidity at 
the time of test. 

Prevailing atmospheric humidity dur- 
ing insulation treatment has only a transi- 
tory effect on the machine insulation 
resistance. Ultimate moisture concentra- 
tion in machine insulation depends on 
service conditions. For commutator type 
machines, absolute humidity at the time 
of test is a test condition in the same sense 
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ees L eee dek distribution “of et 
resistivity of 700 identical machines after cor- 


two months prior to test 


as insulation temperature. 
would be expected to apply also to ma- 


chines under service conditions, except 


where accumulation of conducting parti- 
cles on exposed creepage surfaces has a 
predominating influence. : 

The correlation of these various factors 


has resulted in the development of a 
simple linear insulation resistance for- 


mula which is offered for consideration by 


the industry. s 
4,000 ' 
R= 7 hors er 
orsepow' 
Ss P ; +2) 
revolutions per minute 


where 


R;=minimum insulation resistance at 25 
degrees centigrade for new d-c ma- 
chines over 100 horsepower 

fn=correction factor for absolute humidity 
at the time of test 


Appendix 


Correlation of Computed Slot Area by 
Various Formulas and Actual Slot 
Area of Representative Designs 


In the comparison of the correlation of the 
several formulas discussed in the text, use 
was made of graph paper having linear ordi- 
nate units and abscissa units arranged in an 
arithmetical probability scale. The ratio 
of computed to actual values for each 
formula was arranged in increasing order 
and expressed as a cumulative per cent of 
the total number of designs. 

The interpretation of the ratio 1 cor- 
responding to 50 per cent is that one half of 
the total number of designs have ratios of 
1 or less, It is seen, therefore, that for the 
linear approximation the central 90 per cent 
of the distribution have ratios between 0.5 
to 1.5. The scale of the abscissa is such 
that normal distributions plot as a straight 
line. The slope of this line is a measure of 
the dispersion and a smaller slope indicates 
smaller dispersion. Per cent dispersion, 
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pressure group: Bee 
tion resistivity was 
is defined as page erp cen’ 

a distribution. If a distri tic 
101 numbers arranged in or er 
value, the value of number 51 is the 

of the distribution. The median ¥ 


less weight to extreme values of a strib : 
tion than does the arithmetic | avers a ; 


Preparation of Table I 


Table II lists absolute humidity co: 
tions to be applied in the minimum formula. 
Absolute humidity is a function of the prod- 
uct of ambient temperature and relati 
humidity. Since ambient temperature 2 
relative humidities are usually either inom 
or easily determined, the absolute heniditt y 
correction is expressed in these parameters 

The table was constructed by considerin 
as unity an average vapor pressure of 0.3. 
inch of mercury. This corresponds to a 
temperature and relative humidity of 50 
degrees Fahrenheit and 100 percent. Rela- 
tive corrections for other temperatures and 
humidities were obtained from psychometric 
tables and expressed in terms of the assumed 
average conditions. In the proposed mini- 
mum formula, the average resistivity used 
is that corresponding to 0.85 inch of 
mercury. 


ec- 
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Be cpsis: A new circuit element and 
control device, the thermistor, or thermally 
ensitive resistor, is made of solid semi- 
-eonducting materials whose resistance de- 
creases about four per cent per degree 
‘centigrade. The thermistor presents inter- 
esting opportunities to the designer and 
engineer in many fields of technology for 
“accomplishing tasks more simply, eco- 
Enomically, and better than with available 
devices. Part I discusses the conduction 
mechanism in semiconductors and the 
criteria for usefulness of circuit elements 
; made from them. The fundamental physi- 
z cal properties of thermistors, their con- 
struction, their static and dynamic charac- 
teristics, and general principles of operation 
are treated. Part II of this paper deals 
with the applications of thermistors. These 
2 include: sensitive thermometers and tetm- 
_ perature control elements, simple tempera- 
f ture compensators, ultrahigh frequency 
“power meters, atittomatic gain controls for 
‘transmission systems, voltage regulators, 
: speech volume limiters, compressors and 
_ expandors, gas pressure gauges and flow- 
Bemeters, meters for thermal conductivity 
determination of liquids, and contactless 
time delay devices. Thermistors with short 
- time constants have\been used as sensitive 
bolometers, and show promise as simple, 
- compact, audiofrequency oscillators, modu- 
- lators, and amplifiers. 


+ 


I—Properties of Thermistors 


HERMISTORS, or thermally sensi- 
tive resistors, are devices made of 
solids whose electrical resistance varies 
rapidly with temperature. Even though 
they are only about 15 years old they 
already have found important and large 
scale uses in the telephone plant and in 
military equipments. Some of these uses 
are as time delay devices, protective de- 
_yices, voltage regulators, regulators in 
carrier systems, speech volume limiters, 
test equipment for ultrahigh frequency 
power, and detecting elements for very 
small radiant power. In all these appli- 
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cations thermistors were chosen because 
they are simple, small, rugged, have a 
long life, and require little maintenance. 
Because of these and other desirable 
properties, thermistors promise to be- 
come new circuit elements which will be 
used extensively in the fields of communi- 
cations, radio, electrical and thermal in- 
stritmentation, research in physics, chem- 
istry and biology, and war technology. 
Specific types of uses which will be dis- 
cussed in the second part of this paper in- 
clude 


1. Simple, sensitive, and fast responding 
thermometers, temperature compensators, 
and temperature control devices. 


2. Special switching devices without mov- 
ing contacts. 


8. Regulators or volume limiters. 


4. Pressure gauges, flowmeters, and simple 
meters for measuring thermal conductivity 
in liquids and gases. 


5. Time delay and surge suppressors. 


6. Special oscillators, modulators, and 


amplifiers for relatively low frequencies. 


Before these uses are discussed in detail, 
it is desirable to present the physical 
principles which determine the properties 
of thermistors. 

The question naturally arises: Why 
have devices of this kind come into use 
only recently? The answer is that ther- 
mistors are made of semiconductors and 
that the resistance of these can vary by 
factors up to a thousand or a million with 
surprisingly small amounts of certain tm- 
purities, with heat treatment, methods of 
making contact, and with the treatment 
during life or use. Consequently the po- 
tential application of semiconductors was 


discouraged by experiences such as the 
following: two or more units made by 
what appeared to be the same process 
would show large variations in their prop- 
erties. Even the same unit might change 
its resistance by factors of two to ten by 
exposure to moderate temperatures or to 
the passage of current. Before semicon- 
ductors could be considered seriously in 
industrial applications, it was necessary 
to devote a large amount of research and 
development effort to a study of the na- 
ture of the conductivity in semiconduc- 
tors, and of the effect of impurities and 
heat treatment on this conductivity, and 
to methods of making reliable and perma- 
nent contacts to semiconductors. Even 
though Faraday discovered that the re- 
sistance of silver sulphide changed rapidly 
with temperature, and even though thou- 
sands of other semiconductors have been 
found to have large negative temperature 
coefficients of resistance, it has taken 
about a century of effort in physics and 
chemistry to give the engineering profes- 
sion this new tool which may have an 
influence similar to that of the vacuum 
tube, and may replace vacuum tubes in 
many instances. 

If thermistors are to be generally useful 
in industry: 
1. It should be possible to reproduce units 
having the same characteristics. 


2. It should be possible to maintain con- 
stant characteristics during use, the contact 
should be permanent, and the unit should 
be chemically inert. 

3. The units should be mechanically 
rugged. 

4. The technique should be such that the 
material can be formed into various shapes 
and sizes. 

5. It should be possible to cover a wide 


range of resistance, temperature coefficient, 
and power dissipation. 


Thermistors might be made by any 
method by which a semiconductor could 


Figure 1. Thermistors made in the form of a 
bead, rod, disk, washer, and flakes (left to 
right) 
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100. 200 300 400 
TEMPERATURE — DEG C 
Figure 2. Logarithm of specific resistance 


versus temperature for three thermistor ma- 
terials as compared with platinum 


be shaped to definite dimensions, and 
contacts applied. These methods include 


1. Melting the semiconductor, cooling, 
solidifying, cutting to size and shape. 

2. Evaporation. 

38. Heating compressed powders of semi- 
conductors to a temperature at which they 


sinter into a strong compact mass, and 
firing on metal powder contacts. 


Although all three processes have been 
used, the third method has been found to 
be useful most generally for mass produc- 
tion. This method is similar to that em- 
ployed in ceramics or in powder metal- 
lurgy. At the sintering temperatures, the 
powders recrystallize and the dimensions 
shrink by controlled amounts. The pow- 
der process makes it possible to mix two 
or more semiconducting oxides in varying 
proportions, and obtain a homogeneous 
and uniform solid. It is thus possible to 
cover a considerable range of specific re- 
sistance and temperature coefficient of 
resistance with the same system of oxides. 
By means of the powder process, it is 
possible to make thermistors of a great 
variety of shapes and sizes to cover a large 
range of resistances and power handling 
capacities. : 

Figure 1 shows thermistors made in the 
form of beads, rods, disks, washers, and 
flakes. Beads are made by stringing two 
platinum alloy wires parallel to each other 
with a spacing of five to ten times the 
wire diameter. A mass of a slurry of 
mixed oxides is applied to the wires. 
Surface tension draws this mass into the 
form of a bead. From 10 to 20 such-beads 
are evenly spaced along the wires. The 
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0. 01s centimeter. 

- Rod thermistors are made | ened 

solvent, extruding the mixture through a 
die, drying, ree to length, heating a " 

drive out the binder, and sintering at a 

high temperature. Contacts are applied 


by coating the ends with silver, gold, or 


platinum paste such as is used in the ce- 
ramic art, and heating or curing the paste - 
at a suitable temperature. The diameter 
of the rods ordinarily can be varied from 
0.080 to 0.64 centimeter. The length can 
vary from 0.15 to 5 centimeters. 

Disks and washers are made in a similar 
way by pressing the bonded powders in a 
die. Possible disk diameters are 0.15 to 
3 or 5 centimeters, thicknesses from 0.080 
to 0.64 centimeter. 

Flakes are made by mixing the oxides 
with a suitable binder and solvent to a 
creamy consistency, spreading a film on a 
smooth glass surface, allowing the film to 
dry, removing the film, cutting it into 
flakes of the desired size and shape, and 
firing the flakes at the sintering tempera- 
tures on smooth ceramic surfaces. Con- 
tacts are applied as described above. 
Possible dimensions are: thickness, 0.001 
to 0.004 centimeter; length, 0.1 to 1.0 
centimeter; width, 0.02 to 0.1 centimeter. 

In any of these forms, lead wires can 
be attached to the contacts by soldering or 
by firing heavy metal pastes. The di- 
mensional limits given above are those 
which have been found to be readily at- 
tainable. 

In the design of a thermistor for a spe- 
cific application, the following character- 
istics should be considered; 


1. Mechanical dimensions including those 
of the supports. 


2. The material from which it is made and 
its properties. These include the specific 
resistance and how it varies with tempera- 
ture, the specific heat, density, and expan- 
sion coefficient. 


3. The dissipation constant and power 
sensitivity. The dissipation constant is the 
watts that are dissipated in the thermistor, 
divided by its temperature rise in degrees 
centigrade above its surroundings. The 
power sensitivity is the watts dissipated to 
reduce the resistance by one per cent. 
These constants are determined by the area 
and nature of the surface, the surrounding 
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As most ‘adausiets are Be. e1 
conductors, it is important to discuss 1 
neo of the latter. A semiconduct 

y be defined as a substance whose el C- 
ies conductivity at, or near, room te m- 
perature is much less than that of typ: al 
metals, but much greater than that of 
typical insulators. While no sh 
boundaries exist between these classes of 
conductors, one might say that semicon- 
ductors have specific resistances at room 
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Figure 3. Logarithm of the specific resist- 
ance of two thermistor materials as a function 
of inverse absolute temperature 


See equation 1 
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__ Figure A. Logarithm of the conductivity of 


various specimens of silicon as a function of 


inverse absolute temperature 


The conductivity increases with the amount of 
impurity 


"temperature from 0.1 to 10° ohm-centi- 
Semiconductors usually have 
high negative temperature coefficients of 
resistance. As the temperature is in- 
creased from 0 degrees centigrade to 300 
degrees centigrade, the resistance may de- 
crease by a factor of a thousand. Over 


this same temperature range the resist- 


ance of a typical metal, such as platinum, 
will increase by a factor of two. Figure 2 
shows how the logarithm of the specific 
resistance, p, varies with temperature, is 
in degrees centigrade for three typical 
semiconductors and for platinum. Curves 
1 and 2 are for ‘material 1” and “‘mate- 
rial 2”” which have been used extensively 
to date. ‘“Material 1” is composed of 
qmanganese and nickel oxides. “Mate- 
tial 2”. is composed of oxides of manga- 
nese, nickel, and cobalt. The dashed 
part of curve 2 covers a region in 
which the resistance-temperature rela- 
tion is not known as accurately as it 
4s at lower temperatures. Curve 3 is an 
experimental curve for a mixture of iron 
and zinc oxides in the proportions te form 
zinc ferrite. From Figure 2 it is obvious 
that neither the resistance R nor log R 
varies linearly with T. 

Figure 3 shows plots of log p versus 1 yal 
for ‘‘material 1” and “material 2”. These 
do form approximate straight lines. 
Hence: 


(B/T—B/T9) 


(1) 


where T = temperature in degrees Kel- 
vin, po = pwhen T = © orl/T = 


p=paoe/* Or p=po€ 
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lines in Figure 3. The dimensions of B 
are degrees Kelvin or degrees centigrade. 
_B plays the same role in equation 1 as 
does the work function in Richardson’s 
equation for thermionic emission. For 
material 1, B = 3,920 degrees centi- 
grade. This corresponds to an electron 
energy of 3,920/11,600 or 0.34 volt. 

While the curves in Figure3 are approxi- 
mately straight, a more careful investi- 
gation shows that the slope increases lin- 
early as the temperature increases. From 
this it follows that a more precise expres- 
sion for p is: 


pmAT~eP/t 


{ 


or 


log p=log A —c log T+D/2.303T (2) 


The constant c is a small positive or nega- 
tive number or zero. For ‘‘material 1’’, log 
A ='5,563, ¢ = 2.73, and D = 3,100. 
For a particular form of “material 2”’, log 
A 11.514, c = 4.83, and D = 2,064. 

If we define temperature coefficient of 
resistance, a, by the equation 


a= (1/R)(dR/dT) (3) 
it follows from equation 1 that 

see = B/T? (4) 
For ‘material 1”, and T = 300 degrees 
Kelvin, a = —3,920/90,000 = —0.044. 


For platinum, 2 = +0.0037, or roughly 
ten times smaller than for semiconduc- 


tors, and of the opposite sign. From 
equation 2 it follows that 

a= —(D/T?)—(¢/T) (5) 
From equation 3 it follows that 

"a= (1/2.303) (d log R/dT) (6) 


For a discussion of the nature of the 
conductivity in semiconductors, it is sim- 
pler and more convenient to consider the 
conductivity, ¢, rather than the resistiv- 


ity, p 
(7) 


The characteristics of semiconductors 
are brought out more clearly if the con- 
ductivity or its logarithm are plotted as a 
function of 1/T over a wide temperature 
range. Figure 4 is such a plot for a num- 
ber of silicon samples containing increas- 
ing amounts of impurity. At high tem- 
peratures, all the samples have nearly the 
same conductivity. This is called the in- 
trinsic conductivity because it seems to 
be an intrinsic property of silicon. At low 
temperatures the conductivity of different 
samples varies by large factors. In this 


o=1/p and log «= —log p 
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“region silicon is said to. re an impurity | 
semiconductor. For extremely pure sili- 
con, only intrinsic conductivity is present - 
and the resistivity obeys equation 1. As — 


_ the concentration of a particular impurity 


increases, the conductivity increases, and 


the impurity conductivity predominates 
to higher temperatures. Some impurities 
are much more effective in increasing the 
conductivity than others. One hundred 


' parts per million of some impurities may 


increase the conductivity of pure silicon 
at room temperature by a factor of 10’. 
Other impurities may be present in 10,000 
parts per million and have a small effect © 
on the conductivity. Two samples may 
contain the same concentration of an im- 
purity and still differ greatly in their low 
temperature conductivity. If the impu- 
rity is in solid solution, that is, atomically 
dispersed, the effect is great; if the im- 
purity is segregated in atomically large 
particles, the effect is small. Since heat 
treatments affect the dispersion of impu- 
rities in solids, the conductivity of semi- 
conductors frequently may be altered 
radically by heat treatment. Some other 
semiconductors are not affected greatly 
by heat treatment. 

The impurity need not be a foreign 
element; in the case of oxides or sul- 
phides, it can be an excess or a deficiency 
of oxygen or sulphur from the exact 
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Figure 5. Logarithm of the conductivity of 
various specimens of cuprous oxide as a func- 
tion of inverse absolute temperature 


The conductivity increases with the amount of 
excess oxygen above the stoichiometric value 


in Cu,O 


Data from reference 1 
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ductivity depends on temperature for a 
number of samples of cuprous oxide, 


Cu,0, heat-treated in such a way astore- + 


sult in varying amounts of excess oxygen 
from zero to about one per cent.1 The 


_ greater the amount of excess oxygen, the 


greater is the conductivity in the low 
temperature range. 
tures, all samples have about the same 
conductivity. 

Semiconductors can be classified on 
the basis of the carriers of the current 
into ionic, electronic, and mixed conduc- 
tors. Chlorides such as NaCl and some 
sulphides are ionic semiconductors; other 
sulphides and a few oxides, such as ura- 
nium oxide, are mixed semiconductors; 
electronic semiconductors include most 
oxides such as Mn,O3, Fe,03, NiO, car- 
bides such as silicon carbide, and ele- 
ments such as boron, silicon, germanium, 
and tellurium. In ionic and mixed con- 
ductors, ions are transported through the 
solid. This changes the density of car- 
riers in various regions, and thus changes 
the conductivity. Because this is unde- 
sirable, they rarely are used in making 
thermistors, and hence we will concen- 
trate our interest on electronic semicon- 
ductors. . 

The theoretical and experimental physi- 
cists have established that there are two 
types of electronic semiconductors which 
can be called N and P type, depending 
upon whether the carriers are negative 
electrons or are equivalent to positive 
“holes” in the filled energy band. In N 
type, the carriers are deflected by a mag- 
netic field as negatively charged parti- 
cles would be, and conversely for P type. 
The direction of deflections is ascertained 
by measurement of the sign of the Hall 
effect. The direction of the thermoelec- 
tric effect also fixes the sign of the carriers. 
By determining the resistivity, Hall coef- 
ficient, and thermoelectric power of a par- 
ticular specimen at a particular tempera- 
ture, it is possible to determine the den- 
sity of carriers, whether they are negative 
or positive, and their mobility or mean 
free path. The mobility is the mean drift 
velocity in a field of one volt per centi- 
meter. 

The existence of these classifications is 
explained by the theoretical physicist‘? 
in terms of the diagrams in Figure 6, 
In an intrinsic semiconductor, at low 
temperatures the valence electrons com- 
pletely fill all the allowable energy states. 
According to the exclusion principle, 
only one electron can occupy a particular 
energy state in any system. In semicon- 
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i on. This excess or Ht 
deficiency can be brought about by heat 
treatment. Figure 5 shows how the con- _ 


At high tempera- 


NORMALLY ACCEPTOR 
BANDS penned 
’ ri ‘ oe 

ee ay 1% 

INTRINSIC N Pes 


oe 

Figure 6. Schematic energy level diagrams 

illustrating intrinsic, N, and P types of semi- 
conductors 
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ductors and insulators there exists a re- 
gion of energy values, just above the al- 
lowed band, which are not allowed. The 
height of this unallowed band is expressed 
in equivalent electron volts, AE. Above 
this unallowed band there exists an al- 
lowed band, but at low temperatures there 
are no electrons in this band. When a 
field is applied across such a semiconduc- 
tor, no electron can be accelerated, be- 
cause if it were accelerated, its energy 
would be increased to an energy state 
which is either filled or unallowed. As 
the temperature is raised, some electrons 
acquire sufficient energy to be raised 
across the unallowed band into the upper 
allowed band. These electrons can be 
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Figure 7. Logarithm of the resistivity of vari- 
ous semiconducting materials as a function of 
B in equation 1 


The quantity, B, is proportional to the tempera- 
ture coefficient of resistance as given in 
equation 4 
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2B =(AE)e/k a) 


in which B is in degrees centigrade, AE is 
in volts, ¢ is the electronic charge in cou- 
lombs, & is Boltzmann’s constant in joules 
per degree centigrade. The value of e/ R 
is 11,600 so that 


AE=B/5,800 ; (8a) 


The difference between metals, semi- 
conductors, and insulators results from 
the value of AZ. For metals AE is zero 
or very small. For semiconductors AE 
is greater than about 0.1 volt, but less 
than about 1.5 volts. For insulators 
is greater than about 1.5 volts. 

Some impurities with positive valenci 
which may be present in the semiconduc- 
tor may have energy states such that 
AE, volts equivalent energy can raise the 
valence electron of the impurity atom 
into the allowed conduction band. See 
Figure 6. The electron now can take 
part in conduction; the donator impurity 
is a positive ion which usually is bound 
to a particular location and can take no 
part in the conductivity. These are ex- 
cess or V type conductors. The conduc-_ 
tivity depends on the density of donators, 
AF, and 7. 

Similarly, some other impurity with 
negative valencies may have an energy 
state AF; volts above the top of the filled 
band. At room temperature or higher, an» 
electron in the filled band may be raised 
in energy and accepted by the impurity, 
which then becomes a negative ion and- 
usually is immobile. However, the hole 
which results can take part in the conduc- 
tivity. ; 

In all cases represented in Figure 6, an 
electron occupying a higher energy level 
than a positive ion or a hole, has a certain 
probability that in any short interval of 
time it will drop into a lower energy state. 
However, during this same time interval 
there will be electrons which will be 
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agitation. When the number of electrons 
er second which are being elevated is 
equal to the number which are descending 


in energy, equilibrium prevails. The 
conductivity, o, is then : 
o=Nen+Pev, (9) 


where N and P are the concentrations of 
electrons and holes respectively, e is the 


charge on the electron, v; and v2 are the 


_mobilities of electrons and holes respec- 
: tively. 


This explains the following experimen- 


tal facts which otherwise are difficult to 
interpret: 


1. N- type oxides, such as ZnO, when 
heated in a neutral or slightly reducing 
‘atmosphere become good conductors, pre- 
sumably because they contain excess zinc 
which can donate electrons. If they then 


are heated in atmospheres which are in- 


creasingly more oxidizing, their conductivity 
decreases until eventually they are intrinsic 
_ semiconductors or insulators. 


2. P-type oxides, stich as NiO, when heat 
treated in strongly oxidizing atmospheres 
are good conductors. Very likely they con- 
tain oxygen in excess of the stoichiometric 


_ relation and this oxygen accepts additional 


electrons. When these are heated in less 
oxidizing or neutral atmospheres they be- 


~ come poorer conductors, semiconductors, or 


insulators. 


3. When a P-type oxide is sintered with 
another P-type oxide, the conductivity in- 
creases; similarly for two N-type oxides. 


- But when a P type is added to an WN type 


_ the conductivity decreases. 


_* 


ww8 
\ 


4. Ifa metal forms several oxides, the one 
in which the metal exerts its highest valence 
is N type, while the one in which it exerts 


its lowest valence will be P type.® 


For several reasons it is desirable to 
survey the whole field of semiconductors 
for resistivity and temperature coefficient. 
One way in which this might be done is to 
draw a line in Figure 3 for each specimen. 


_ Before long, such a figure would consist 


of such a maze of intersecting lines that 
it would be difficult to single out and: fol- 
low any one line. The information can 
be condensed by plotting log po versus B 
in equation 1 for each specimen.® The 
most important characteristics of a spec- 
imen thus are represented by a single 
point and many more specimens can be 
surveyed in a single diagram. Figure 7 
shows such a plot for a large number of 
semiconductors investigated at these lab- 
oratories or reported in the literature. 
Values for po and B are given for T = 
25 degrees centigrade. The points forma 
sort of “milky way.”” Semiconductorshav- 
ing a high po are likely to have a high value 


- of B and vice versa. If a series of semi- 


conductors has points in Figure 7 which 
fall on a straight line with a slope of 
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Figure 8. Static voltage-current curve for a 
typical thermistor 


The numbers on the curve are the degrees 
centigrade rise in temperature above ambient 
temperature 


1/2.3 To, they have a common intercept 
in Figure 3 for (1/T) = 0. 


Physical Properties of Thermistors 


One of the most interesting and useful 
properties of a thermistor is the way in 
which the voltage, V, across it changes as 
the current, J, through it increases. Fig- 
ure 8 shows this relationship for a 0.061- 
centimeter diameter bead of “material 1” 
suspended in air. Each time the current 
is changed, sufficient time is allowed for 
the voltage to attain a new steady value. 
Hence this curve is called the steady state 
curve. For sufficiently small currents, 
the power dissipated is too small to ap- 
preciably heat the thermistor, and Ohm’s 
law is followed. However, as the current 
assumes larger values, the power dissi- 
pated increases, the temperature rises 
above ambient temperature, the resist- 
ance decreases, and hence the voltage is 
less than it would have been had the re- 
sistance remained constant. At some 
current, I,,, the voltage attains a maxi- 
mum or peak value, V,,. Beyond this 


ent temperature is given. 


7 ¥ ; 7 «hee 


ey es 


point, as the current increases the volt- 
age decreases, and the thermistor is said — 
to have a negative resistance whose value 


is dV/dI, The numbers on the curve give 
the rise in temperature above ambient 
temperature in degrees centigrade. 
Because currents and voltages for dif- 
ferent thermistors cover such a large 
range of values, it has been found con- 


venient to plot log V versus log J. Figure — 


9 shows such a plot for the same data as 
in Figure 8. For various points on the 
curve, the temperature rise above ambi- 
In a log log 
plot, a line with a slope of 45 degrees rep- 
resents a constant resistance, and a line 
with a slope of —45 degrees represents 
constant power. 


For a particular thermistor, the posi- 


tion of the log V versus log J plot is 
shifted, as shown in Figure 10, by chang- 
ing the dissipation constant C. This can, 
be done by changing the air pressure sur-. 
rounding the bead, changing the medium, 
or changing the degree of thermal cou-. 
pling between the thermistor and its sur-. 
roundings. The value of C for a particu 
lar thermistor in given surroundings read-. 
ily can be determined from the V versus. 
I curve in either Figures 8 or 9. For each, 
point, V/T is the resistance, while V times. 
I is W, the watts dissipated. The resist- 
ance data are converted to temperature 
from R versus T, given by equation 2. 
A plot is then made of W versus T. For 
thermistors in which most of the heat is 
conducted away, W will increase linearly, 
with 7, so that C is constant. For ther-. 
mistors suspended by fine wires in a vac-- 
uum, W will increase more rapidly than, 
proportional to TJ, and C will increase. 


with T. For thermistors of ordinary size. 


and shape, in still air, C/area is equal to, 
from 1 to 40 milliwatts per degree cen- 


tigrade per square centimeter, depending- 


upon the size and shape factor. 


6162-9 


100; 


\ 


VOLTS 


Figure 9. Logarith- 
mic plot of static 
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voltage—currentcurve 

for the same data as O 
in Figure 8 


The diagonal lines 
give the values of i 


resistance and power 
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The user of a thermistor may want to 
know how many watts can be dissipated 
before the resistance decreases by one per 
cent. This may be called the power sen- 
sitivity. It is equal to C/ (a X 100) or 
about one to ten milliwatts per square 
centimeter in still air. Both Cand the 
“power sensitivity increase with air veloc- 
ity. The dependence of C on gas pres- 
sure and velocity is the basis of the use of 
thermistors as manometers, and as ane- 
mometers or flowmeters. Note that in 
Figure 10 one curve can be superposed on 
any other by a shift along a constant re- 
sistance line. 

Figure 11 shows a family of log V versus 
log J curves for various values of R, while 
B, C, and T, are kept constant. This can 
be brought about by changing the length, 
width, and thickness to vary R, while the 
surface area is kept constant. If the re- 
sistance had been changed by changing 
the ambient temperature, T,, the result- 
ing curves would not appear very different 
from those shown. Note that one curve 
can be superposed on any other curve by 
a shift along a constant power line. 

Figure 12 shows a family of log V ver- 
sus log J curves for eight different values 
of B while C, R,, and T, are kept con- 
stant. In contrast to the curves in Fig- 


R=50,000 OHMS 


T= 300°K é 


ri 


ures 10 and 11 in which any curve could 
be obtained from any other curve by a 
shift along an appropriate axis, the curves 
in Figure 12 are each distinct. For each 
curve there exists a limiting ohmic resist- 
ance for low currents and another for 
high currents. For B = 0 these two are 
identical. As B becomes larger, the log of 
the ratio of the two limiting resistances 


increases proportionally to B. Note also — 


that for B > 1,200 degrees Kelvin, the 
curves have a maximum. For large B 
values this maximum occurs at low powers 
and hence at low values of T — T,. This 
follows as W = C(T — T,). As B de- 
creases, Vm occurs at increasingly higher 
powers or temperatures. For B < 1,200 
degrees Kelvin no maximum exists. 

The curves in Figures 10 to 12 have 
been drawn for the ideal case in which the 
resistance in series with the thermistor is 
zero, and in which no temperature limita- 
tions have been considered. In any actual 
case there always is some unavoidable 
small resistance, such as that of the leads, 
in series with the thermistor, and hence 
the parts of the curves corresponding to 
low resistances may not be observable. 
Also, at high powers the temperature 
may attain such values that something 
in the thermistor structure will go to 
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pieces, thus limiting the range of 0 


12. The exact location of the dashed por 
tions will of course depend on how a com 
pleted thermistor is constructed. In se’ 
ting these limits we also have considered 
temperature limitations beyond which 
aging effects might become too great. 

The curves in Figures 9 to 12 have been 
computed on the basis of the following 
equations: 


R=R,€ @/7)—8/Te) = V/T 
W=C(T-T,)=VI- 


(10) 
(11) 


For these curves the constants R,, T,, B, 
and C are specified. The values of tem- 
perature, T,,, power, W,,, resistance, Rm, 
voltage, Vm, and current, J,,, that prevail 
at the maximum in the voltage current 
curve are given by the following equa- 
tions in which T,, is chosen as ‘the inde- 
pendent parameter. By differentiating 
equations 10 and 11 with respect to J, put- 
ting the derivatives equal to zero, one ob- 
tains 


Tm? =B(Im—T o) (12) 
whose solution is 
Tm = (B/2)(1=+/1—4T,/B) (13) 


C=5xX10 “WATTS/DEG. 


T= 300°K 


100 


VOLTS 


Figure 10 (above). Logarithmic plots of voltage versus current for three 
values of the dissipation constant C 


These curves are calculated for the constants given in the upper part 


of the figure 


Figure 11 (right, above). 


These curves are calculated for the constants given in the upper part 


of the figure 


Figure 12 (right). 


These curves are calculated for the constants given in the upper part 


of the figure 
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Logarithmic plots of voltage versus current 
for three values of the resistance, R,, at ambient temperature 


Logarithmic plots of voltage versus current for 
eight values of B in equation 1 


C=5x10" “WATTS/DEG. 


o> io* io7! 1 io 
CURRENT IN AMPERES 
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| ay 
Wn=C(Tm—T 0) (15) 
Rn = Roe 7/70 Rye“ [1 —(Tm—T)/Tot 
fs) Te Lol Toy} *— 2.) (16) 
Vn = {CRo(Tm—T o) (7 7/72) }'/2 
= { CR(Tm—T)€ 1 — (Im—T0)/Tot+ 
Ch) {(Em=To)/To}t— 012 107) 


Tm=((C/Ro) (Tn — Toe! Toyi/2 
© ={ (C/Ro)(Tn—To) €l1 +(Tm—To)/To+ 
Q/2){(Im—To)/To}?+ . . .J}¥2 (18) 


Thus far the presentation has been 
imited to steady state conditions, in 
which the power supplied to the thermis- 
tor is equal to the power dissipated by it, 
and the temperature remains constant. 
In many cases, however, it is important 
to consider transient conditions when the 
“temperature, and any quantities which 
are functions of temperature, vary with 
time. A simple case which will illustrate 
the concepts and constants involved in 
“such problems is as follows: A massive 
thermistor is heated to about 150 to 200 
degrees centigrade by operating it well 
_ beyond its peak. At time ¢ = 0, the 
circuit is switched over to a constant cur- 
rent having a value so small that /?R al- 
ways is negligibly small. The voltage 
_across the thermistor then is followed as a 
function of time. From this, the resist- 
‘ance and temperature are computed. 
Figure 13 shows a plot of log (T — T,) 
versus ¢ for a rod thermistor of ‘“‘material 
@ about 1.2 centimeters long, 0.30 centi- 
‘meter in diameter, and weighing 0.380 
gram. In any time interval Af, there are 
C(T — T,) At joules being dissipated. 
As a result the temperature will decrease 
by AT given by 


—HAT=C(T—T,) At 
Bor 
(T—T 9) = —(H/C)(AT/ At) — (19) 
‘where H = heat capacity in joules per 


degree centigrade. The solution of this 


equation is 


/(T—T) =(To—Ta)e (20) 
in which T, = T when t = 0, and 
r=H/C (21) 


where 7 is in seconds. It commonly is 
called the time constant. From equation 
20 it follows that a plot of log (T — Ta) 
versus ¢ should vield a straight line whose 
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‘slope =" ~1/2. 303 ou If H and Cy ae i) 
slightly with temperature, then 7 will 


vary slightly with T and t. The line will 
not be perfectly straight, but its slope at 


any tor (T — T,) will yield the appropri- 


ate t or H/C for that T. As previously 
described, C can be determined from a 
plot of watts dissipated versus T, For 
this thermistor this curve became steeper 


at the higher temperatures so that C in- 


creased for higher temperatures. Table 


I summarizes the values of C,7, and H at 


various T. ; 

When a thermistor is heated by passing 
current through it, conditions are in- 
volved somewhat more since the J?R 
power will be a function of time. At any 
time in the heating cycle, the heat power 
liberated will be equal to the watts dis- 
sipated, or C(T — T;) plus watts required 
to raise the temperature, or HdT/dt. The 
heat power liberated will depend on the 
circuit conditions. In a circuit like that 
shown in the upper corner of Figure 14, 
the current varies with time, as shown by 
the six curves for six values of the battery 
voltage E. Ifa relay in the circuit oper- 
ates when the current reaches a definite 
value, a considerable range of time de- 
lays can be achieved. This family of 
curves will be modified by changes in 
ambient temperature and where rather 
precise time delays are required, the am- 
bient temperature must be controlled or 
compensated. 

Since thermistors cover a wide range 
in size, shape, and heat conductivity of 

surrounding media, large variations in 

H, C, and 7 can be produced. The time 
constant can be varied from about one 
millisecond to about ten minutes or a 
millionfold. 

One very important property of a ther- 
mistor is its aging characteristic, or how 


Table 1. Values of C, +, H as Functions of T 
for a Thermistor of ‘Material 1” 


Thermistor About 1.2 Centimeters Long’ 
0.30 Centimeter in Diameter, and Weighing 


0.380 Gram. T,=24 Degrees Centigrade 
h, 

Joules 

Per 

H, Gram 

Cc, Joules Per 

T, Deg Watts Per T, Per Deg 
C Deg C Sec Deg C (e 
5 a ORE AP ie ot | SP te Ses OE Bs 
BAR ea clte ONO0ST. << ne-< i. Oikoahers OR28 i) ctr 0.75 
GAs li Pnanete OSO0S timate, » Teeter ONT RS hee 0.72 
Sais ere ears O30088...56.. Tlerreyeiexs OL Feira os 0.71 
IOA tee creer OROOB7..... 10. BOK stots OwZAG ae sae 0.68 
24 st hetero 000388)... GSieira one OBZ Bitdersne 0.67 
USA eases GROUS Sip cscs (Viren OL 26% oh te 0.67 
LGAs ieieiercrets GROOS9h.< sere CH Ae eucuor ON 26iientee 0.69 
BSA... Welennsate ORT a ore Soscays Wao nen Wee Get aroic (arp 
204. cssatteress ORO04 2 a. GGhrarces 728 ey «,s 0.73 
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Figure 13. Cooling characteristic of a massive 


thermistor—logarithm of temperature above — 


ambient versus time 


constant the resistance at a given temper- 
ature stays with use. To obtain a stable 
thermistor it is necessary to 


1. Select only semiconductors which are 
pure electronic conductors. 


2. Select those which do not change 
chemically when exposed to the atmosphere 
at elevated temperatures. 


8. Select one which is not sensitive to 
impurities likely to be encountered i in manu- 
facture or in use. 


4. Treat it so that the degree of dispersion 
of the critical impurities is in equilibrium, 
or else that the approach to equilibrium is 
very slow at operating temperatures. 


5. Make a contact which is intimate, 
sticks tenaciously, has an expansion coeffi- 
cient compatible with the semiconductor, 
and is durable in the atmospheres to which 
it will be exposed. 


6. In some cases, enclose the thermistor 
in a thin coat of glass or material impervious 
to gases and liquids, the coat having a suit- 
able expansion coefficient. 


‘7. Preage the unit for several days or 


weeks at a temperature somewhat higher 
than that to which it will be subjected. 


By taking these precautions, remarkably 
good stabilities can be obtained. 

Figure 15 shows aging data taken on 
three-quarter inch diameter disks of 
“material 1’ and ‘‘material 2” with 
silver contacts and soldered leads. 
These disks were measured soon after 
production, were aged in an oven at 
105 degrees centigrade, and were tested 
periodically at 24 degrees centigrade. 
The percentage change in resistance 
over its initial value is plotted. versus 
the logarithm of the time in the aging 
oven. It is to be noted that most of the 
aging takes place in the first day or week. 
If these disks were preaged for a week or a 
month and the subsequent change in re- 
sistance referred to the resistance after 
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Sores gina» they, would age only about 0.2 


per cent in one year. In a thermistor 
thermometer, this change in resistance 
would correspond to a _ temperature 
change of 0.05 degree centigrade. Ther- 
mistors mounted in an evacuated tube or 
coated with a thin layer of glass, age even 
less than those shown in the figure. For 


some applications such high stability is 


mot essential, and it is not. necessary 
to give the thermistors special treat- 
ment. 

Thermistors have been used at higher 
temperatures with satisfactory aging 
characteristics. Extruded rods of “mate- 
tial 1” have been tested for stability by 
treating them for two months at a tem- 
perature of 300 degrees centigrade. Typi- 
cal units aged from 0.5 to 1.5 per cent of 
their initial resistance. Similar thermis- 
tors have been exposed alternately to 
temperatures of 300 degrees centigrade 
and —75 degrees centigrade for a total of 
700 temperature cycles, each lasting one- 
half hour. The resistance of typical units 
changed by less than one per cent. 

In some applications of thermistors, 
very small changes in temperature pro- 
duce small changes in potential across the 
thermistor, which are amplified then in 
high gain amplifiers. If at the same time 
the resistance is fluctuating randomly by 
as little as one part in a million, the po- 
tential across the thermistor also will 
fluctuate by a magnitude which will be 
directly proportional to the current. 
This fluctuating potential is called noise, 
and as it depends on the current, it is 
called current noise. In order to obtain 
the best signal to noise ratio, it is neces- 
sary that the current noise at operating 
conditions be less than Johnson or ther- 
mal noise.’'* To make noise-free units it 
is necessary to pay particular attention to 
the raw materials, the degree of sintering, 
the grain size, the method of making con- 
tact, and any steps in the process which 
might result in minute surface cracks or 
fissures, 

All the thermistors discussed thus far 
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either were heated directly by the current 


passing through them or by changes in 
ambient temperature. In indirectly 
heated thermistors, the temperature and 


‘resistance of the thermistor are controlled 


primarily by the power fed into a heater 
thermally coupled to it. One such form 
might consist of a 0.038-centimeter diame- 
ter bead of “material 2”” embedded in a 
small cylinder of glass about 0.38 centi- 
meter long and 0.076 centimeter in diame- 
ter. A small nichrome heater coil having 
a resistance of 100 ohms is wound on the 
glass and is fused onto it with more glass. 
Figure 16 shows a plot of log V versus log 
I for the bead element at various cur- 
rents through the heater. In this way 
the bead resistance can be changed from 
3,000 ohms to about 10 ohms. Indirectly 
heated thermistors ordinarily are used 
where the controlled circuit must be iso- 
lated electrically from the actuating cir- 
cuit, and where the power from the latter 
must be fed into a constant resistance 


_ heater. 


lI—Uses of Thermistors 


The thermistor, or thermally sensitive 
resistor, probably has excited more inter- 
est as a major electric circuit element 
than any other except the vacuum tube in 
the last decade. Its extreme versatility, 
small size, and ruggedness were respon- 
sible for its introduction in great numbers 
into communications circuits within five 


gether with the ability ~ 
sensitive element in a Vv 
shapes and sizes results in 2 
in diverse fields. The variable 
are many and interrelated, includi 
trical, thermal, and mechanical dime 
sions. ‘. 
The more important uses of thermist. 
as indication, control, and circuit elem 
will be discussed, grouping the u: 
they fall under the primary characteris 
tics: resistance-temperature, volt-am- 
pere, and current-time or dynamic rela- 
tions. ~ 


Resistance-Temperature Relations ‘ 
It has been pointed out in part I that ; 
the temperature coefficient of electrical 
resistance of thermistors is negative and 
several times that of the ordinary metals | 
at room temperature. In thermistor “ma-_ 
terial 1,” which commonly is used, the co-_ 
efficient at 25 degrees centigrade is —4.4 
per cent per degree centigrade, or over 
ten times that of copper, which is +0.39 
per cent per degree centigrade at the same 
temperature. A circuit element made of 
this thermistor material has a resistance 
at zero degrees centigrade which is nine 
times the resistance of the same element 
at 50 degrees centigrade. For compari- 
son, the resistance of a copper wire at 50 
degrees centigrade is 1.21 times its value 
at zero degrees centigrade. 
The resistance-temperature character- 


istics of thermistors suggest their use as 
sensitive thermometers, as temperature 


Figure 15. Aging 


characteristic of ther- 


mistors made of ma- 


IN RESISTANCE 


terials 1 and 2 aged 


= = 


in an oven at 105 


degrees centigrade 


Per cent increase in 


PER CENT INCREASE 
| 


resistance over its 


initial value versus 


IL | WEEK \ MONTH 


time on a logarithmic val 
scale 
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the effects of varying ambient temper- 
e on other elements in electric cir- 


’ 


The application of thermistors to tem- 
_ perature measurement follows the usual 
principles of resistance thermometry. 
_ However, the large value of temperature 
coefficient of thermistors permits a new 
order of sensitivity to be obtained. This 
and the small size, simplicity, and rug- 
gedness of thermistors adapt them to a 
_ wide variety of temperature measuring 
applications. When designed for this 
‘service, thermistor thermometers have 
~ Jong-time stability which is good for tem- 
_ peratures up to 300 degrees centigrade 
and excellent for more moderate tempera- 
tures. A. well-aged thermistor used in 
_ precision temperature measurements was 
_ found to be within 0.01 degree centigrade 
4 of its calibration after two months use at 
_ various temperatures up to 100 degrees 
centigrade. As development proceeds, 
_ the stability of thermistor thermometers 
_ may be expected to approach that of pre- 
cision platinum thermometers. Conven- 
_ tional bridge or other resistance measur- 
3 ing circuits commonly are employed with 
__thermistors. As with any resistance ther- 
_ mometer, consideration must be given to 
_ keeping the measuring current sufficiently 
_ small so that it produces no appreciable 
- heating in order that the thermistor re- 
_ sistance shall be dependent upon the am- 
A bient temperature alone. 
_ Since thermistors are readily designed 
for higher resistance values than metallic 
_ resistance thermometers or thermocou- 
_ ples, lead resistances ordinarily are not 
bothersome. Hence the temperature 
sensitive element can be located remotely 


Table Il. Temperature—-Resistance Character- 
istic of a Typical Thermistor Thermometer 


SSS 


Temp Coefficients 


a, 


Per Cent 
Temp, Resistance, B, Per Deg 
Deg C Ohms eg C Cc 

A epee eater ars SSO VOOR tse B80 rats cue -—6.1 
0 eA OOO jane tacas 3,850 —5.2 
PAS AG OOO Mec. ees SEO2O waarcherste —4.4 
Die tttersth.c 1654005 a5 Fetes. SPOS0 se sk 5 —3.8 
(hnectt Ope GrTO0n a. ves. AOGOee ese: —3.3 
HOO 5d hess. ore SLO eer ero BAZ eictere —3.0 
PO Ob apo etcks karo. SOU shite sos A260 iverson, « —2.4 
BU Oar se sis SOD cetees reas 4,410 —2.0 
OF ASME SCR TOO jects: < 4,600. —1.5 


Dissipation constant in still air, approximately 4 
milliwatts per degree centigrade; thermal time con- 
stant in still air, approximately 70 seconds; di- 
mensions of thermistor, diameter approximately 
0.11 inch, length approximately 0.54 inch. 
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from its associated measuring circuit. 
This permits great flexibility in applica- 
tion, such, for instance, as wire line 
transmission of temperature indications 
to control points. 

Table II gives the characteristics of a 
typical thermistor thermometer. The 
dissipation constant is the ratio of the 
power input in watts dissipated in the 
thermistor, to the resultant temperature 
rise in degrees centigrade. The time con- 
stant is the time required for the tem- 
perature of the thermistor to change 63 
per cent of the difference between its 
initial value and that of the surroundings. 
As a sensitive thermometer, this thermis- 
tor with a simple Wheatstone bridge and 
a galvanometer whose sensitivity is 2 X 
10-1 amperes per millimeter per meter 
will indicate readily a temperature thange 
of 0.0005 degree centigrade. For com- 
parison, a precision platinum resistance 
thermometer and the required special 
bridge such as the Mueller, will indicate a 
minimum change of 0.003 degree centi- 
grade with a similar galvanometer. 

Several thermistors which have been 
used for thermometry are shown in Figure 
17. Included in the group are types which 
are suited to such diverse applications 
as intravenous blood thermometry and 
supercharger rotor temperature measure- 
ment. In Figure 17, A isa tiny bead with 
a response time of less than a second in 
air. Bis a probe type unit for use in air 
streams or liquids. C is a meteorological 
thermometer used in automatic radio 
transmission of weather data from free 
balloons. Dis arod shaped unit. Hisa 
disk or pellet, adapted for use in a metal 
thermometer bulb. Disks like the one 
shown have been sweated to metal plates 
to give a low thermal impedance connec- 
tion to the object whose temperature is to 
be determined. F is a large disk with an 
enveloping paint finish for use in humid 
surroundings. The . characteristics of 
these types are given in Table III. 

The temperature of objects which are 
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inaccessible, in motion, or too hot for 
contact thermometry, can be determined 
by permitting radiation from the object 
to be focused on a suitable thermistor by 
means of an elliptical mirror. Such a ther- 
mistor may take the form of a thin flake 
attached to a solid support. Its advan- 
tages compared with the thermopile and 


_ resistance bolometer are its more favor- 


able resistance value, its ruggedness, and 
its high temperature coefficient of resist- 
ance. It can be made small to reduce its 
heat capacity so as to follow rapidly chang- 
ing temperatures. Flake thermistors have 
been made with time constants from one 
millisecond to one second. Since the 
amount of radiant power falling on the 
thermistor may be quite small, sensitive 
meters or vacuum tube amplifiers are re- 
quired to measure the small changes in the 
flake resistance. Where rapidly varying 
temperatures are not involved, thermis- 
tors with longer time constants and sim- 
pler circuit equipments can be utilized. 


Temperature Control 


The use of thermistors for temperature 
control purposes is related closely to their 
application as temperature measuring de- 
vices. In the ideal temperature-sensitive 
control element, sensitivity to tempera- 
ture change should be high and the re- 
sistance value at the control temperature 
should be the proper value for the control 
circuit used. Also, the temperature rise 
of the control element resulting from cir- 
cuit heating should be low, and the sta- 
bility of calibration should be good. The 
size and shape of the sensitive element 
are dictated by several factors such as the 
space available, the required speed of re- 
sponse to temperature changes, and the 
amount of power which must be dissi- 
pated in the element by the control circuit 
to permit the arrangement to operate 
relays, motors, or valves. 

Because of their high temperature sen- 
sitivity, thermistors have shown much 
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promise as control elements. Their adapt- 
ability and their stability at relatively 
high temperatures led, for instance, to 
an aircraft engine control system using a 
rod-shaped thermistor as the control ele- 
ment.? The thermistor, mounted in a 
standard one-qtiarter inch diameter tem- 
perature bulb assembly, operated at ap- 
proximately 275 degrees centigrade. It 
was associated with a differential relay 
and control motor on the aircraft 28-volt 
d-c system. The power dissipation in the 
thermistor was two watts. The resist- 
ance of a typical thermistor under these 
high temperature conditions remained 
within +1.5 per cent over a period of 
months. This corresponds to about += 
one degree centigrade variation in cali- 
bration. Several other related designs 
were developed using the same control 
system with other thermistors designed 
for both higher and lower temperature 
operation. In the lower temperature 
applications, typical thermistors main- 
tained their calibrations within a few 
tenths of a degree centigrade. 

In general, gas tube control circuits dis- 
sipate less power in the thermistor than 
relay circuits do. This results in less 
temperature rise in the thermistor, and 
leads to a more accurate control. While 
the average value of this temperature rise 
can be allowed for in the design, the varia- 
tions in different installations require 
individual calibration to correct the errors 
if they are large. The corrections may 
be different as a result of variations of the 
thermal conductivity of the surrounding 
media from time to time, or from one in- 
stallation to another. The greater the 
power dissipated in the thermistor, the 
greater the absolute error in the control 
temperature for a given change in thermal 
conductivity. This follows from the rela- 
tion 


AT=W/C (22) 


where AT is the temperature rise, W is 
the power dissipated, and C is the dissi- 
pation constant which depends on ther- 
mal coupling to the surroundings, For 
the same reason, the temperature indi- 
cated by a resistance thermometer im- 
mersed in an agitated medium will de- 
pend on the rate of flow if the temperature 
sensitive element is operated several de- 
grees hotter than its surroundings. 

The design of a thermistor for a ventila- 
ting duct thermostat might proceed as 
follows as far as temperature rise is con- 
cerned: 


1. Determine the power dissipation. This 
depends upon the circuit selected and the 
required over-all sensitivity. 


2. Estimate the permissible temperature 
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Table III. Thermistor Thermometers 
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rise of the thermistor, set by the expected 
variation in air speed and the required 
temperature control accuracy. 


3. Solve equation 22 for the dissipation 
constant and select a thermistor of appro- 
priate design and size for this constant in 
the nominal air speed. Where more than 
one style of thermistor is available, the 
required time constant will determine the 
choice. 


Compensators 


It is a natural and obvious application 
of thermistors to use them to compensate 
for changes in resistance of electrical cir- 
cuits caused by ambient temperature 
variations. A simple example is the com- 
pensation of a copper wire line, the resist- 
ance of which increases approximately 0.4 
per cent per degree centigrade. A ther- 
mistor having approximately one-tenth 
the resistance of the copper, with a tem- 
perature coefficient of —4 per cent per de- 
gree centigrade placed in series with the 
line and subjected to the same ambient 
temperature, would serve to compensate it 
over a natrow temperature range. In 
practice however, the compensating ther- 
mistor is associated with parallel and 
sometimes series resistance, so that the 
combination gives a change in resistance 
closely equal and opposite to that of the 
circuit to be compensated over a wide 
range of temperatures. See Figure 18. 

A copper winding having a resistance 
of 1,000 ohms at 25 degrees centigrade 
can be compensated by means of a ther- 
mistor of 566 ohms at 25 degrees centi- 
grade in parallel with an ohmic resistance 
of 445 ohms as shown in Figure 18. The 
winding with compensator has a resistance 
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of 1,250 ohms constant to +1.6 per cent 
over the temperature range —25 degrees 
centigrade to +75 degrees centigrade. 
Over this range the copper alone varies 
from 807.5 ohms to 1,192.5 ohms, or +19 
per cent. The total resistance of the cir- 
cuit has been increased only 6.1 per cent 
at the upper temperature limit by the ad- 
dition of a compensator. This increase is 
small because of the high temperature 
coefficient of the compensating thermis- 
tor. The characteristics of such a thermis- 
tor are so stable that the resistance would 
remain constant within less than one per 
cent for ten years, if maintained at any 
temperature up to about 100 degrees cen- 
tigrade. Figure 15 shows aging charac- 
teristics for typical thermistors suitable 
for use in compensators. These curves in- 
clude the change which occurs during the 
seasoning period of several days at the 
factory, so that the aging in use is a frac- 
tion of the total shown. 

In many circuits which need to func- 
tion to close tolerances under wide ambi- 
ent temperature variation, the values of 
one or more circuit elements may vary un- 
desirably with temperature. Frequently 
the resultant over-all variation with tem- 
perature can be reduced by the insertion 
of a simple thermistor placed at an ap- 
propriate point in the circuit. This is 
true particularly if the circuit contains 
vacuum tube amplifiers. In this manner, 
frequency and gain shifts in communica- 
tions circuits have been cancelled and 
temperature errors prevented in the opera- 
tion of devices such, for instance, as 
electric meters. The change in induct- 
ance of a coil resulting from the variation 
of magnetic characteristics of the core ma- 
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terial with temperature has been pre- 


vented by partially saturating the coil 
with direct current, the magnitude of 
which is directly controlled by the resist- 
ance of a thermistor imbedded in the 
core. In this way the amount of d-c mag- 
netic flux is adjusted by the thermistor so 
that the inductance of the coil is inde- 
pendent of temperature. 

In designing a compensator, care must 
be taken to ensure exposure of the ther- 
mistor to the temperature affecting the 
element to be compensated. Power dissi- 
pation in the thermistor must be consid- 
ered and either limited to a value which 


~ will not produce a significant rise in tem- 


a7 


pa 


perature above ambient temperature, or 
offset in the design. 


| 


Volt-Ampere Characteristics 


The nonlinear shape of the static char- 


_ acteristic relating voltage, current, resist- 


f 


ance, and power for a typical thermistor 


was illustrated by Figure 9. The part of 


the curve to the right of the voltage maxi- 


_ mum has a negative slope, applicable in a 


large number of ways in electric circuits. 
The particular characteristic shown begins 
with a resistance of approximately 50,000 
ohms at low power. Additional power 
dissipation raises the temperature of the 
thermistor element and decreases its re- 
sistance. At the voltage maximum, the 
resistance is reduced to about one-third 
its cold value, or 17,000 ohms, and the'dis- 
sipation is 13 milliwatts. The resistance 
becomes approximately 300 ohms when 
the dissipation is 100 milliwatts. Such 
resistance-power characteristics have re- 
sulted in the use of thermistors as sensi- 


- tive power measuring devices, and as au- 


tomatically variable resistances for such 
applications as output amplitude controls 
for oscillators and amplifiers. Their non- 
linear characteristics also fit thermistors 
for use as voltage regulators, volume 
controls, expandors, contactless switches, 
and remote control devices. To permit 
their use in these applications for d-c as 
well as a-c circuits, nonpolarizing semi- 
conductors alone are employed in ther- 
mistors with the exception of two early 
types. 


Power Meter 


Thermistors have been used very ex- 
tensively in the ultra- and superhigh 
frequency ranges in test sets as power 
measuring elements. The particular ad- 
vantages of thermistors for this use are 
that they can be made small in size, have 
a small electrical capacity, can be se- 
verely overloaded without change in 
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calibration, and easily can be cali- 
brated with d-c or low frequency power. 
For this application the thermistor is 
used as a power absorbing terminating 
resistance in the transmission line, which 
may be of Lecher, coaxial, or wave-guide 
form. Methods of mounting have been 
worked out which reduce the reflection of 
high frequency energy from the termina- 
tion to negligible values, and assure ac- 
curate measurement of the power over 
broad bands in the frequency spectrum. 
Conventionally, the thermistor is oper- 
ated as one arm of a Wheatstone bridge, 
and is biased with low frequency or d-c 
energy to a selected operating resistance 
value, for instance, 125 or 250 ohms in 
the absence of the power to be measured. 


. The application of the power to be meas- 


ured further decreases the thermistor 
resistance, the bridge becomes unbal- 
anced, and a deflection is obtained on the 
bridge meter. A full scale power indica- 
tion of one milliwatt is customary for the 
test set described, although values from 
0.1 milliwatt to 200 milliwatts have been 
employed using thermistors with different 
sized beads as shown in Figure 19. 

Continuous operation tests of these 
thermistors indicate very satisfactory 
stability with an indefinitely long life. 
A group of eight power meter thermistors, 
normally operated at 10 milliwatts and 
having a maximum rating of 20 milliwatts, 
were operated for over 3,000 hours at a 
power input of 30 milliwatts. During this 
time the room temperature resistance re- 
mained within 1.5 per cent of its initial 
value, and the power sensitivity, which is 
the significant characteristic, changed by 
less than 0.5 per cent. 

When power measuring test sets are 
intended for use with wide ambient tem- 
perature variations, it is necessary to 
temperature compensate the thermistor. 
This is accomplished conventionally by 
the introduction of two other thermistors 
into the bridge circuit. These units are 
designed to be insensitive to bridge cur- 
rents but responsive to ambient tempera- 
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Figure 17. Some forms of thermistors which 
have been used as resistance thermometers 


ture. One of the compensators maintains 
the zero point and the other holds the 
meter scale calibration independent of 
the effect of temperature change on the 
measuring thermistor characteristics. 


Automatic Oscillator Amplitude 
Control 


Meacham,!° and Shepherd and Wise" 
have described the use of thermistors to 
provide an effective method of amplitude 
stabilization of both low and high fre- 
quency oscillators. These circuits os- 
cillate because of positive feedback around 
the vacuum tube. The feed-back circuit 
is a bridge with at least one arm contain- 
ing a thermistor which is heated by the 
oscillator output. Through this arrange- 
ment, the feedback depends in phase and 
magnitude upon the output, and there is 
one value of thermistor resistance which, 
if attained, would balance the bridge and 
cause the oscillation amplitude to vanish. 
Obviously this condition never can be 
exactly attained, and the operating point 
is just enough different to keep the bridge 
slightly unbalanced and produce a prede- 
termined steady value of oscillation out- 
put. Such oscillators in which the ampli- 
tude is determined by thermistor nonlin- 
earity have manifold advantages over 
those whose amplitude is limited by vac- 
uum tube nonlinearity. The harmonic 
content in the output is smaller, and the 
performance is much less dependent 
upon the individual vacuum tube and 
upon variations of the supply voltages. 
It is necessary that the thermal inertia of 
the thermistor be sufficient to prevent it 
from varying in resistance at the oscilla- 
tion frequency. This is satisfied easily 
for all frequencies down to a small frac- 
tion of a cycle per second. Figure 20 
shows a thermistor frequently used for 
oscillator control, together with its static 
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Figure 18. Temperature compensation of a 
copper conductor by means of a thermistor 
network 


electrical characteristic. This thermistor 
is satisfactory in oscillators for frequen- 
cies above approximately 100 cycles per 
second. Similar types have been devel- 
oped with response characteristics suited 
to lower frequencies, and for other resist- 
ance values and powers. 

Where the ambient temperature sensi- 
tivity of the thermistor is disadvantag- 
eous in oscillator controls, the thermistor 
can be compensated by thermostating it 
with a heater and compensating thermis- 
tor network, as shown in Figure 21. 


Amplifier Automatic Gain Control 


Since the resistance of a thermistor of 
suitable design varies markedly with the 
power dissipated in it or in a closely asso- 
ciated heater, such thermistors have 
proved to be very valuable as automatic 
gain controls, especially for use with nega- 
tive feed-back amplifiers. This arrange- 
ment has seen extensive use in wire com- 
munication circuits for transmission level 
regulation, and has been described in some 
detail elsewhere.!2—!4 In one form, a di- 
rectly heated thermistor is connected 
into the feed-back circuit of the amplifier 
in such a way that the amount of feed- 
back voltage is varied to compensate for 
any change in the output signal. By this 
arrangement, the gain of each amplifier in 
the transmission system is adjusted con- 
tinually to correct for variations in over- 
all loss due to weather conditions and 
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which are introduced at the sending end isto 
for the purpose. . hong Ay af e at 

In this type of application, the ther- element in 


mistor will react to the ambient tempera- ‘Figure 22. In th ranget 
2 feedback is accomplished by 


we _ rather than electrical coupling. 
’ : band carrier system, now in use, 
lated with this type of thermist 
this system a pilot frequen y is suy 
and current of this frequency, selecte 
a network in the regulator, actuates the 
“heater of the thermistor to give smooth, 
continuous gaincontrol. 
_ By utilizing a heater thermistor of dif 
ferent characteristics, the circuit and 
of Figure 22 may be given protection 
against overloads. In this application, 
the sensitivity and element resistance of 
the thermistor are chosen so that the 
thermistor element forms a shunt of high 
resistance value, so as to have negligible 
effect on the amplifier for any normal 
value of output. However, if the output 
power rises to an abnormal level, the 
Yeeros omar -— thermistor element becomes heated and 
oe —— reduced in resistance. This shunts the 
input to the amplifier, and thus limits the 
output. Choice of.a thermistor having 
os a suitable time constant permits the 
oe ev esea EI Sos, ine ee aeaee _. onset of the limiting effect to be delayed 


Figure 19. Power measuring thermistors with 
different sized beads 


Figure 20A (above). 
An amplitude con- 
trol thermistor 


The glass bulb is 1.5 
inches in length 
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Figure 21. Circuit employing an auxiliary 
-disk thermistor to compensate for effect of 
varying ambient temperature on a control 
thermistor 
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Reece iaiors and Limiters 


q A group of related applications for 


a 


is thermistors depends on their steady state 


‘nonlinear volt- -ampere characteristic. 
Z _ These are the voltage regulator, the 
speech volume limiter, the compressor, 
and the expandor. The compressor and 
_/expandor are devices for altering the 
_ range of signal amplitudes. The com- 
_ pressor functions to reduce the range, 
- while the expandor increases it. In Fig- 
ure 23, curve 1 is a typical thermistor 
_ static characteristic having negative slope 
to the right of the voltage maximum. 
Curve 2 is the characteristic of an ohmic 
- resistance R having an equal but positive 
slope. Curve 3 is the characteristic ob- 
tained if the thermistor and resistor are 
placed in series. It has an extensive seg- 
- ment where the voltage is almost inde- 
- pendent of the current. This is the con- 
dition for a voltage regulator or limiter. 
Tf a larger value of resistance is used, as 
_ in curve 4, its combination with the ther- 
mistor in series results in curve 5, the com- 
pressor. In these uses the thermistor 
regulator is in shunt with the load resist- 
ance, so that 


E=E,=E,-—IRsg 


x 


(23) 


- in the circuit diagram of Figure 23. Here 
Eis the voltage across the thermistor 
and resistor R, E, is the output voltage, 
and Z,, I and Rg are respectively, the 

_ input voltage, current, and resistance. 

If the thermistor and associated re- 
sistor are placed in series between the 
generator and load resistance, an expan- 
dor is obtained, and 


E,=E,—-E (24) 


As the resistance R in series with the 
thermistor is increased, the degree of ex- 
pansion is decreased, and vice versa. 

The treatment thus far in this section 
assumes that change of operating point 
occurs slowly enough to follow along the 
static curves. For a sufficiently rapid 
change of the operating point, the latter 
departs from the static curve and tends 
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/THERMISTOR dine intersecting the static curve. 


sufficiently rapid fluctuations, control 


to progress along an ohmic resistance 
For 


action then may be derived from the re- 


sistance changes resulting from the rms_ 


power dissipated in the thermistor unit. 
In speech volume limiters, the thermistor 
is designed for a speed of response that 
will produce limiting action for the 
changes in volume which are syllabic in 
frequency or slower, and that will not 
follow the more rapid speech fluctuations 
with resulting change in wave shape or 
nonlinear distortion. Speech volume 
limiters of this type can accommodate 
large volume changes without producing 
wave form distortion.1#:15 


Remote Control Switches 


The contactless switch and rheostat 
are natural extensions of the uses just dis- 
cussed. The thermistor is used as an ele- 
ment in the circuit which is to be con- 
trolled, while the thermistor resistance 
value is, in turn, dependent upon the en- 


HEATER TYPE THERMISTOR 


Figure 22. Thermal feed-back circuit for 
gain control purposes 


This arrangement has also been used as a pro- 
tective circuit for overloads 


ergy dissipated directly or indirectly in it 
by the controlling circuit. By taking 
advantage of the nonlinearity of the 
static volt-ampere characteristic, it is pos- 
sible to provide snap and lock-in action in 
some applications. 


Manometer 


Several interesting and useful applica- 
tions such as vacuum gauges, gas analyz- 
ers, flowmeters, thermal conductivity 
meters, and liquid level gauges of high 
sensitivity and low operating temperature 
are based upon the physical principle that 
the dissipation constant of the ther- 
mistor depends on the thermal conductiv- 
ity of the medium in which it is immersed. 
As shown in Figure 10, a change in this 
constant shifts the position of the static 
characteristic with respect to the axes. 
In these applications, the undesired re- 
sponse of the thermistor to the ambient 
temperature of the medium can, in many 
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cases, be eliminated or reduced by intro- 
ducing a second thermistor of similar 
characteristics into the measuring cir- 
The compensating thermistor is 
subjected to the same ambient tempera- 
ture, but is shielded from the effect being 
measured, such as gas pressure or flow. 
The two thermistors can be connected 
into adjacent arms of a Wheatstone bridge 
which is balanced when the test effect is 
zero, and becomes unbalanced when the 
effective thermal conductivity of the me- 
dium is increased. In gas flow measure- 
ments, the minimum measurable velocity 
is limited, as in all hot wire devices, by 
the convection currents produced by the 
heated thermistor. 

The vacuum gauge or manometer 
which is typical of these applications will 
be described somewhat in detail. The 
sensitive element of the thermistor ma- 
nometer is a small glass coated bead 0.02 
inch in diameter, suspended by two fine 
wire leads in a tubular bulb for attach- 
ment to the chamber whose gas pressure 
is to be measured. The volt-ampere 
characteristics of a typical laboratory 
model manometer are shown in Figure 24 
for air at several absolute pressures from 
10-6 millimeters of mercury to atmos- 
pheric pressure. The operating point, in 
general, is to the right of the peak of 
these curves. Electrically this element is” 
connected into a unity ratio arm Wheat- 
stone bridge with a similar, but evacu- 
ated, thermistor in an adjacent arm as 
shown in the circuit schematic of Figure 
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Figure 23. Characteristics of a simple ther- 
mistor voltage regulator, limiter, or compressor 
circuit 
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25. The air pressure calibration for such 
a manometer is also shown. The charac- 
teristic will be shifted when a gas is used 
having a thermal conductivity different 
from that of air. Such a manometer 
has been found to be best suited for the 
measurement of pressures from 107° 
to 10 millimeters of mercury. The lower 
pressure limit is set by practical consid- 
erations, such as meter sensitivity and 
the ability to maintain the zero setting 
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for reasonable periods of time in the 
presence of the variations of supply volt- 
age and ambient temperature. The up- 
per pressure measurement limit is caused 
by the onset of saturation in the bridge 
unbalance voltage versus pressure char- 
acteristic at high pressures. This is 
basically because the mean free path of 
the gas molecules becomes short com- 
pared with the distance between the ther- 
mistor bead and the inner surface of the 
manometer bulb, so that the cooling ef- 
fect becomes nearly independent of the 
pressure. 

The thermistor manometer is specially 
advantageous for use in gases which may 
be decomposed thermally. For this type 
of use, the thermistor element tempera- 
ture can be limited to a rise of 30 degrees 
centigrade or less above ambient tempera- 
ture. For ordinary applications, however, 
a temperature rise over a range not ex- 


ceeding 200 degrees centigrade in vacuum, 


permits measurement over wider ranges 
of pressure. Special models also have 
been made for use in corrosive gases. 
These expose only glass and platinum 
alloy to the gas under test. 


Timing Devices 
The numerically greatest application 
for thermistors in the communication 


field has been for time delay purposes. 
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The physical basis for this use has been 
discussed in part I for the case of a directly 
heated thermistor placed in series with a 
voltage source and a load, to delay the 
current rise after circuit closure. This 
type of operation will be termed the 
power driven time delay. ; 

By the use of a thermistor suited to the 
circuit and operating conditions, power 
driven time delays can be produced from 
a few milliseconds to the order of a few 


Figure 24 (left). 
Characteristics of a 
typical _ thermistor 
manometer __ tube, 
showing the effect 
of gas pressure on 
the volt-ampere and 
resistance-power re- 
lations 
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and thermistor variations such as 0 
from unit to unit of the same type. 
_ After a timing operation, a power 
driven time delay thermistor should 
allowed time to cool before a second opera 
tion. If this is not done, the second 
timing interval will be shorter than the 
first. The cooling period depends on 
particular circuit conditions and details of 
thermistor design, but generally is several ; 
times the working time delay. In tele- 
phone relay circuits requiring a timing 
operation soon after previous use, the 
thermistor usually is connected so that it 
is short circuited by the relay contacts at 
the close of the working time delay inter- 
val. This permits the thermistor to cool 
during the period when the relay is locked 
up. If this period is sufficiently long, the 
thermistor is available for use as soon as 
the relay drops out. Time delay thermis- 
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Figure 25 (right). 


Operating circuit 
and calibration for a 


vacuum gauge utiliz- 
ing the thermistor of ol 41 | 
Figure 24 
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minutes. Thermistors of this sort have 
the advantage of small size, light weight, 
ruggedness, indefinitely long life, and 
absence of contacts, moving parts, or 
pneumatic orifices which require mainte- 
nance care. Power driven time delay 
thermistors are best fitted for applica- 
tions where close limits on the time inter- 
val are not required. In some communi- 
cations uses, it is satisfactory to permit a 
six to one ratio between maximum and 
minimum times as a result of the simul- 
taneous variation from nominal values of 
all the following factors which affect the 
delay: operating voltage + five per 
cent; ambient temperature 20 degrees 
centigrade to 40 degrees centigrade; 
operating current of the relay +25 per 
cent; relay resistance + five per cent; 


Becker, Green, Pearson—T hermistors 


6 8i0O72 2 4 6 89" 2 4” Se8) 


2 4 
PRESSURE IN MM OF MERCURY 


tors have been operated more than half a 
million times on life test, with no signifi- 
cant change in their timing action. 

To avoid the limitations of wide timing 
interval limits and extended cooling 
periods between operations usually asso- 
ciated with the power driven time delay 
thermistor, a cooling time delay method 
of operation has been used. In this ar- 
rangement, two relays or the equivalent 
are employed, and the thermistor is 
heated to a low resistance value by pass- 
ing a relatively large current through it 
for an interval, short compared with the 
desired time interval. The current then 
is reduced automatically to a lower value, 
and the thermistor cools until its resist- 
ance increases enough to reduce the cur- 
rent further and trip the working relay. 
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This part of the operating cycle accounts 


for the greater part of the desired time in- | 


terval. With this arrangement, the ther- 


_ mistor is available for reuse immediately 
after a completed timing interval, or, as 
a matter of fact, after any part of it. 


By proper choice of operating currents 


_and circuit values, wide variations of 
voltage and ambient temperature may 
_ occur with relatively little effect upon the 


time interval. The principal variable 
left is the cooling time of the thermistor 


itself. This is fixed in a given thermistor 


unit, but may vary from unit to unit, 
2 depending upon dissipation constant. and 


thermal capacity, as pointed out above. 
In addition to their use as definite time 


_ delay devices, thermistors have been used 


in several related applications. 


Surges 
can be prevented from operating relays 


or disturbing sensitive apparatus by in- 


troducing a thermistor in series with the 


circuit component which is to be pro- 


‘tected. In case of a surge, the high ini- 
tial resistance of the thermistor holds the 


- surge current toa low value, provided that 


the surge does not persist long enough to 
overcome the thermal inertia of the 
thermistor. The normal operating volt- 
age, on the other hand, is applied long 
enough to lower the thermistor resistance 
to a negligible value, so that a normal op- 
erating current will flow after a short in- 
terval. In this way, the thermistor en- 
ables the circuit to distinguish between an 
undesired signal of short duration and a 
desired signal of longer duration, even 
though the undesired impulse is several 
times higher in voltage than the signal. 


Oscillators, Modulators, and 
Amplifiers 


A group of applications, already ex- 
plored in the laboratory but not put 
into engineering use, includes oscillators, 
modulators, and amplifiers for the low and 
audio-frequency range. Ifa thermistor is 
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biased at a point on the negative slope 
portion of the steady-state volt-ampere 
characteristic, and if a small alternating 
voltage is then superposed on the direct 
voltage, a small alternating current will 
flow. If the thermistor has a small time 
constant, 7, and if the applied frequency 
is low enough, the alternating volt-am- 
pere characteristic will follow the steady- 
state curve and dV/dI will be negative. 
As the frequency of the applied alternat- 
ing voltage is increased, the value of the 
negative resistance decreases. At some 
critical frequency, f,, the resistance is zero 
and the current is 90 degrees out of phase 
with the voltage. In the neighborhood of 
f., the thermistor acts like an inductance 
whose value is of the order of ahenry. As 
the frequency is increased beyond f,, the 
resistance is positive, and increases stead- 
ily until it approaches the d-c value when 
the current and voltage arein phase. The 
critical frequency is approximately given 
by 

fe= '/or 


If 7 can be made as small as 5 X 107° 
seconds, f, is equal to 10,000 cycles per 
second, and the thermistor would have an 
approximately constant negative resist- 
ance up to half this frequency. Point 
contact thermistors, having such critical 
frequencies or even higher, have been 
made in a number of laboratories. How- 
ever, none of them has been made with 
sufficient reproducibility and constancy 
to be useful to the engineer. It has been 
shown both theoretically and experi- 
mentally that any negative resistance de- 
vice can be used as an oscillator, a modu- 
lator, or an amplifier. With further de- 
velopment, it seems probable that ther- 
mistors will be used in these fields. 


(25) 


Summary 


The general principles of thermistor 
operation, and examples of specific uses 
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have been given to facilitate a better un- 
derstanding of thermistors, with the feel- 
ing that such an understanding will be the 
basis for increased use of this new circuit 
and control element in technology. 
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ESISTANCE WELDING as a labor 
saving production method has made 
tremendous strides in the past decade. 
Its widespread recognition during World 


_ War II has made it quite evident that 


this art will be used even more universally 
in the postwar era. 
When one considers that the heart of 


the resistance welding machine is its trans- 


former, it appears quite logical that an 
explanation of this type transformer is 
forthcoming. 

It is the purpose of this paper to pre- 
sent the characteristics and functions of 
the resistance welding transformer in ad- 


dition to the design problems encoun- 


tered. 

The subject is much too large to en- 
able a detailed discussion and derivation 
of all the mathematics required to deter- 
mine the design constants used in this 
field. Emphasis has been placed on the 


general problems of design and the effects 


of deviations from standard practice. 


Functions of a Resistance 
Welding Transformer 


The resistance welding transformer, in 
common with all transformers, is a device 
for transferring energy by means of elec- 
tromagnetic induction. 

The function of a resistance welding 
transformer is to furnish relatively large 
currents at comparably low voltages from 
the mains of its user’s power supply. 
When delivering load the transformer can 
be considered, for all practical purposes, 
as under short-circuit conditions. Its 
current is limited only by the impedance 
of the welder plus a small impedance 
caused by the work. 


Standards Governing Resistance 
Welding Transformers 


The Resistance Welder Manufacturers 
Association has set up standards covering 


Paper 46-156, recommended by the AIEE commit- 
tee on electric welding for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 25, 1946; 
made available for printing May 28, 1946. 


F. E. Murray and R. C. Jonzs are both design 
engineers with The Taylor-Winfield Corporation, 
Warren, Ohio. 
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The capacity of resistance welc 


transformers is rated in kilovolt-amy eres 


at 50 per cent duty cycle. The continu- 
ous duty rating of such transformers then 
becomes 0. 707 times the name plate rat- 
ing. 


The duty cycle expressed in per cent is — 


considered to be the ratio of weld time i in 
cycles per minute to the total cycles in a 
minute times 100. 


Per cent duty cycle on 60 cycles 
_ cycles of weld time in a minute 


100 
3,600 


(1) 

As the users of resistance welding equip- 
ment usually are more concerned with the 
permissible duty cycle for a given load 
than they are with the name plate rating, 
it often is desired to convert as follows: 


Permissible duty cycle in per cent , 
rated kilovolt-amperes X7.07 \? (2) 
Ky load kilovolt-amperes 


These same standards require that the 
exciting currents be limited in proportion 
to the rated current. Transformers rated 
at less than 100 kva are permitted an ex- 
citing current of ten per cent of the rated 
current, while those rated 100 kva or over 
are limited to exciting currents of only 
five per cent of the rated current. 

Insulations are required to be able to 
withstand twice the maximum induced 
voltage plus 1,000 volts for a period of one 
minute. 

The permitted temperature rise is gov- 
erned by the type of insulation used. 
Transformers in which class B insulation 
is used are limited to a temperature rise 
of 80 degrees centigrade, while those in 
which class A insulation is used are per- 
mitted only 60 degrees centigrade rise, as 
measured by the thermocouple method, 


Design Restrictions 


The design of resistance welding trans- 
formers can be approached only after 
consideration of several points of limita- 
tion, 


1. The geometry of the transformer fre- 
quently is determined by the available space 
provided in the welding unit. 
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RWMA 


lines per s n 
_ kilovolt-amp 1 
when it is dered to imi the exci 


From the general formula, 
E=4,44NfKBAX10-8 


and assuming a stacking factor of 0.95, 


Ks 


B=395,000—- 
ca WA 


when f=60 cycles per second. 


(5) 


This formula gives the area of required 
core in square inches per volt per turn for 
a given flux density. Note Figure Z for 
flux density versus area. 

The core dimensions can be propor- 
tioned to suit the available space within i 
certain limitations. A core which takes — 
the form of a square results in a mean turn © 
of minimum length and is the most eco- 
nomical design. 

Where space dictates the use of other 
proportions, the length should not ex-— 
ceed the height by a factor of more than 
three to one. 


Design of the High Voltage Winding 


The high voltage winding usually is ar- 
ranged with eight taps for heat adjust- 
ment. Where electronic controls with in- 
corporated heat adjustment facilities are 
provided, a series-parallel winding with- 
out taps is becoming more popular. 

The principal advantage of the series- 
parallel winding is increased duty cycle 
when less than the maximum load is re- 
quired, This is true because the copper 
cross section remains constant as the heat 
is phased back. 

When resistance welding transformers: 
are provided with taps for heat adjust- 
ment the copper cross section of the high 
voltage winding may be reduced as the 
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square of the open circuit volts across the 
ow voltage winding. In practical design 
this method of calculating copper densi- 
ties should be used as a minimum with 
space dictating how closely it is ap- 
proached. f 
_ Tapering the copper cross section in 
this manner keeps the permissible duty 
cycle constant for any tap. Mathema- 
tical analysis of this will be shown. 

Duty cycle is a function of kilovolt- 
ampere demand and rating. Then, given 
-a welder of known kilovolt-amperes and 
duty cycle, it is desired to maintain the 
_ duty cycle as the load decreases. 


ae 


"S 


ate 


Ess 
(6) 


ai Demand kilovolt-amperes = 
g 1000 


AU ZATUARTSS, 2 


x 


The low voltage winding current varies 
directly as its open circuit volts; hence, 
: 


= 


4 ‘Ea Is 

Sas (7) 

vs 82 82 

Ink. 

iz a 

= a / Eals 

eke) Ay ——— 

- *~ 1000 @) 

i! 

- Evol ag 

VA 10 

BAF 71000 sa 
Divide one by the other: 

BKVA, . Enls 

Pas (11) 
KVAz Eales 

- Substitute and simplify: 

d KVA, _ EalaEn _E." (12) 
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From experience gathered from data on 
many welding transformers, the following 
copper densities may be used without ex- 


Figure 1. Core area versus flux density 


Bin eg 


ceeding permissible temperature rises for 


the two types shown: 


1. For a pancake type of winding pressed 
tight against a water-cooled secondary 
winding insulated from primary winding 


with mica barriers, a density of 2,500 am- 


peres per square inch may be used at 50 per 
cent duty cycle rating of transformer. 


2. For a layer type of winding, air-cooled 


and used with a secondary winding not 
water-cooled, the permissible copper den- 
sity is 1,500 amperes per square inch. This 
type of transformer usually has the low 
voltage winding or secondary made of a 
laminated copper band built up to the 
required thickness. The impedance is higher 


than the pancake type of winding. 


Density of Low Voltage or 
Secondary Winding 


The low voltage winding generally is 
made of cast copper having a minimum of 
85 per cent conductivity. Water-cooling 
pipes are cast into or welded to the out- 
side of the casting. When pipes are cast 
integral with the secondary, the casting 
usually is increased in thickness to allow 
for pipe. When copper tubing is welded 
to the outside of the secondary section, 
the thickness can be reduced to the diame- 
ter of the tubing. The impedance, there- 
fore, is lowered by using thin sections ap- 
proximately one-half inch thick and more 
of them than by the use of a thick section. 
Under ordinary conditions of cooling wa- 
ter temperature, the density of current in 
the secondary casting can be 3,200 am- 
peres per square inch at a 50 per cent duty 
cycle rating. 

The secondary winding current will 
tend to crowd at the corners and the mean 
turn with respect to current flow will be 
slightly less than when figured in the con- 
ventional manner. The calculated re- 
sistance, therefore, will give higher copper 


PaBy Baa 74% 


VA GUALE 
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loss than actual measurement during im- 


pedance test. 
Design of 100-Kva Transformer 


This transformer is a 440-volt 60-cycle — 
type with 50 per cent duty cycle. The 
required open circuit volts (E,) is 6.67 
with 1-turn low voltage winding. 


Core Size 
B=77,000 lines per square inch (assumed) 


ae E gee _ 6.67 395,000 
PaN*s ee aan Dan C0) 
= 34.2 square inches 


(13) 


HicGu VOLTAGE OR PRIMARY WINDING 


100,000 
44 


I, (rated) = =227 amperes (14) 


1 
€ tion =227 X——— 
opper section = 2: *3,500 


= 0.0908 square inch 
=90,800 square mils (15) 


4 
Number of turns for maximum F; = 667 = 
(16) 


The high voltage winding will be pro- 
portioned for a series-parallel arrangement. 
as shown in Figure 11. 

The insulation between turns for a class. 
B design can be any one of several ma- 
terials. In this case the authors would 
choose 0.020-inch mica. 

The width of primary winding copper 
should be kept as small as practical with 
one-fourth inch as the minimum. Am 
increase in width will increase the copper 
loss. A practical width for this design 
would be 0.625 inch. As the primary 
winding is split into two sections, the re- 
quired copper per section is 


90,800 


square mils = 45,400 s quare mils 


= 0.0454 square inch (17) 


The thickness of the copper per turn is. 
0.0454 
0.625 
0.625 inch for practical reasons. 
Therefore, the total height of high volt- 
age winding = (0.075 + 0.020) X 33 = 
3 13 inches. 


= 0.0728 inch. Use 0.075 inch X 


Low VOLTAGE OR SECONDARY WINDING 


_ (18) 


I, (rated) = = 15,000 amperes 
15,000 


= 4.68 square inches 
3,200 


(19) 


Copper section = 


The secondary winding will be one-half 
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4x3} PER SECTION 


COIL | CojE23= GOES 


NO.TURNSI,3 3 


Figure 2. Schematic diagram of transformer 
winding 


0.075 X0.625 copper per turn 
0.020 X0.687 mica between turns 


inch wide per sec.ion. The area per sec- 
tion = 4.68/3 = 1.56 square inch. 

Height of section = 1.56 + 1/2, or 3.12 
inches. 


LEAKAGE REACTANCE* 


Coil 1 (With Secondary Winding on One 
Side)+ 


MT/_ d,+d 
L= saxrexe( sto = 1489 (20) 


=3.2(33)?X 
37 0.625+0.500 
125+ —— }10-8 
sao. iw ae3 ) 


=39,700 X0.500 X 1078 
=19,850 1078 henries 


Coil 2 (With Secondary Winding on Each 
Side) 


d,+d, 


MT 
L=3.2XT?2X— H(s+ 83 10 (21) 


Rc ckhes wane 1O=8 
= 12,406 X1078 henries 


Total L for coils 1 and 2 
= (19,850+12,406)10~§ = 32,256 X1078 
32,256 X 1078 
2 
=16,128X10~4 henries 
X 1, = 2nfL =377 X16,128 X 10-8 
=0.0608 ohm (22) 


Total L for transformer = 


PRIMARY WINDING RESISTANCE 


Mean turn =37 inches =], 
Number of turns per coil=33= 7; 
Area of copper = (0.075 X0.625) (10) 


1.27 =59,500 circular mils 
Shas pil Ty Ace al as lay So ; 
aA RID N80 BOO x 12 eee ae 
(23) 
6/546-3 
[=3.95 
d, = 0.625 
S=0:195 


Mean turn =37 


Figure 3. 


Detail of coil arrangement 


728 TRANSACTIONS 


6156-2 


L.V. WINDING CAST COPPER ~ 


COIL4 


H.V. 
fl ) INDING 
33 33 igt az 


Weight= 

[((191/,107/s) a 
—(7/2X5)]X oe 
57/sX0.241= 103 

249 pounds Figure4. Detail of core 


Resistance of two coils in series 
=2X0.0177 =0.0354 ohm 


Resistance of series-parallel winding 


8880177 obm 


p,=10.37 ohms per circular-mil foot 


SECONDARY WINDING RESISTANCE 
85 Per CENT CONDUCTIVITY J 


Mean turn =37 inches =], 
A =!/oX31/,X3 =4.87 square inches 
=6,190,000 circular mils 
_ poly 10.37 X37 


*AX12 0.85X12X6,190,000 
=6.08X107~* ohms 


(24) 


0.37 
ohms per circular-mil foot 
0.85 


(cast copper) 


EQUIVALENT RESISTANCE REFERRED 
To PRIMARY WINDING 


Reg =0. our +(™ =) 6.08 X 1076 
=0.0177-+-0.0265 =0.0442 ohm 


Equivalent a-c resistance (caused by skin 
effect) = 11/2 0.0442 =0.0663 ohm 


+/ (0.0663)2+ (0.0608)? 
=0.09 ohm (25) 


Zy = WV Reg? +X1? = 


IpZy at rated current of 227A 


= 227 X0.09 =20.48 volts (26) 
20.48 
Per cent Z, =—— 100 
er cent Zp 440 100 per cent 
=4.64 per cent (27) 
Reg 0.0663 
Power factor =—“ = =0.7 
2 3008. ee ae 
IPR loss at rated load = (227)20.0663 
=3,420 watts (29) 


Core Loss 


Core loss (note Figure 4) at 77,000 lines 
per square inch equals 0.9 watt per pound 
from curves furnished by steel manufac- 


turers. 
Total core loss = 242 X0.9=218 watts (30) 


Total loss =3,420+218=3,638 watts (31) 


* See Figure 3. 
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100,000 
Efficiency at rated load = ; 


100,000+3,638 
=0.965 (3 
Summary 


1. Flux densities may be higher than th 
used in power and distribution transform: 


2. Losses caused by exciting currents ha 
little effect on the over-all efficiency of the 
welding unit. ; 


8. Losses can be minimized by the use a 
narrow sections. 


4. Variations from optimum conditions can 
be made without serious effect on ce 
efficiency. 


5. Pancake type windings are the most 
efficient for resistance welding transformers. 


6. Economics dictate the design of welding 
transformers having from three to five per 
cent impedance. The benefits of lower im- 
pedance transformers are offset by a greater 
manufacturing cost. 


7. Although no mention has been made of 
transformers designed for frequencies other 
than 60 cycles, the same procedure may be 
followed once the proper flux density is 
determined. 


8. The use of better insulating materials 
in the future will have a definite effect on 
present design constants. 


Nomenclature 


E=volts 

N=turns 

jf =frequency 

K=stacking factor 

B=flux density in lines per square inch 


A=area in square inches 
E;=open circuit volts of low voltage 
winding 


J, =current in low voltage winding 

I, =current in high voltage winding 

LZ =inductance in henries 

T, =turns in each high voltage coil 

MT =mean turn 

1=height of high voltage coil in inches 

S=distance between high and low voltage 
windings 

d, = width of each high voltage coil in inches 

d,= width of low voltage coil in inches 

X,=inductive reactance in ohms 

pi =resistivity of copper in ohms per circular 
mil foot 

p2=resistivity of cast copper in ohms per 
circular mil foot 

R;=4d-c resistance of low voltage winding 

Ry =d-c resistance of high voltage winding 

Req =equivalent resistance referred to the 
primary winding 

Z,y =effective impedance referred to the pri- 
mary winding 


Reference 


1, EvperricaAL Macuing Desicn (book), Alex- 
ander Gray. McGraw-Hill Book Company, New 
York, N. Y., 1913, page 445. 
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Synopsis: The Atenas large concentra- 
m of generating capacity at Coulee Dam 
1akes possible short-circuit power on the 
230-kv bus considerably in excess of the 
‘rupturing capacity of circuit breakers now 
ailable at that voltage. Methods of 
ectionalizing the bus and segregating the 
transmission lines to limit the maximum 
short circuit to less than 3,500,000 kva are 
‘described in this paper. A group of fault 
tests on one of the 230-kv 3-cycle 3,500,000- 


vith a maximum of six generators con- 
ected. Three-phase faults close to the 
reaker ‘rating and single phase-to-ground 
short-circuit currents equivalent to 4,370,- 
)00-kva 3-phase were cleared with no ap- 
parent effort by the breaker. These are 
elieved to be the heaviest short circuits 
ever interrupted on any power system in 
the world. 


HE GRAND COULEE DAM and 
power plant is situated on the Colum- 
bia River approximately 100 miles west 
of the city of Spokane, in the heart of the 
_ state of Washington. At this point on the 
_ river the mean annual runoff is 79,000,000 
acre-feet, the mean annual flow is 109,000 
~ second-feet, and the dam provides a mean 
“hydraulic head of 330 feet for operation of 

the turbines. The power plant is near the 
center of the vast transmission network of 

the Northwest Power Pool, which includes 
11 major interconnected private and gov- 
_ernment-owned systems operating in the 
states of Washington, Oregon, Idaho, 
~ Montana, and Utah. 

The ultimate power plant installation 
is to consist of two similar powerhouses, 
on either side of the river, each housing 
nine units of 108,000-kw capacity, or a 
combined total capacity of nearly 2,000,- 

000 kw. The immense size of these water- 
wheel generators, the largest in service 
anywhere, is indicated by Figure 1 show- 
ing one of the rotors being lowered into 
place. Associated with the power plant 
development is an irrigation pumping 


- 


Paper 46-177, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
' August 27-30, 1946. Manuscript submitted June 
10, 1946; made available for printing July 8, 1946, 


W. H. Cracstt is assistant chief electrical and 
mechanical testing and inspection department, 
United States Bureau of Reclamation, Coulee 
Dam, Wash. W. M. Lzeps is a development and 
test section engineer, power circuit breaker engi- 
neering department, Westinghouse Electric Cor- 
poration, East Pittsburgh, Pa. 
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eva steel tank oil circuit breakers was made, 
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plant which is situated immediately up- 
stream from the west powerhouse and 


dam abutment. This pumping develop- ~ 
ment ultimately will consist of 12 65,000- 


horsepower pumps which will lift the wa- 
ters of Lake Roosevelt to an irrigation 
system in the Columbia Basin. Opera- 
tion of these 12 pumps will be from the 


first six main unit generators, L-1 to L-6,° 


through six 5,000-ampere 13.8-kv busses. 


Because of provisions being made for con- 


siderable water storage in the canal sys- 
tem, it will be possible to use these first 
six generating units for pumping purposes 
during off-peak load periods, and for com- 
mercial load at other times. Figure 2 
shows a single-line diagram of the west 


' power plant only, with dotted lines indi- 


cating the pump installations. 

Such a large concentration of generat- 
ing capacity introduces unique problems 
in circuit breaker application and requires 
special switching arrangements tokeep the 
breaker duty within the rated interrupt- 
ing capacity. The high speed 3-cycle 
230-kv breakers on all outgoing line 
positions at Coulee Dam have an inter- 
rupting rating of 3,500,000 kva, and the 
8-cycle generator breakers have an in- 
terrupting rating of 2,500,000 kva. The 
maximum interrupting rating available at 
the time these breakers were purchased 
was 2,500,000 kva. The line position 
breakers subsequently were rebuilt to 


Figure 1. Rotor of 
108 ,000-kva genera- 
tor being lowered 
into place at Grand 


Coulee Dam mem 
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- increased rating ‘became available. 


The power plant installation fat Stheas 
time the fault tests were made in Decem- 


ber 1945 consisted of six permanent 108, ry 
000-kw units and two smaller 75, 000-kw 
units which had been borrowed tempo- 


ipl ee 


i exe 


rarily from Shasta Dam, California Cen-_ ~) hy 


tral Valley Project, to augment the capac- 


ity at Coulee Dam during the war. Sys- 
tem calculations of short-circuit currents 


during a line fault immediately adjacent — 
to the Coulee switchyard indicated that — 


the 3-cycle breaker rating of 3,500, 000 kva 
can be exceeded if more than four units 
and three lines are connected to the 
faulted section at any one time. Because 


of this consideration, it was deemed inad- - 


visable to operate with more than four 


be 


units on a bus section, and since an ade- 


quate synchronizing tie is necessary be- 
tween the two bus sections for system sta- 
bility, the interleaved scheme of opera- 
tion was adopted. Figure 3 shows a sim- 


plified diagram of the interleaved line and 


bus arrangement showing the synchroniz- 
ing ties provided by parallel line opera- 
tion to the three load centers: Spokane, 
Midway, and Columbia. It is not the 
purpose of this paper to discuss in detail 
the interleaved scheme and its relation to 
system stability on the Bonneville Power 
Administration system, as this was pre- 
sented previously.!_ However, it should be 
pointed out that circuit breaker capacity 
may dictate to a large extent the switch- 
ing arrangement and method of operation 
on high capacity systems. 

For an example of how limitations in 
circuit breaker capacity affect switching 
operations and station capacity, let us 
suppose that it is desired to overhaul a 
generator breaker, thus making it neces- 
sary to transfer the corresponding unit to 
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the opposite bus. The first operation 
would be to unload the unit and open the 
generator breaker. Before the unit can 
‘be placed on the opposite bus, however, 
a unit on the second bus also must be un- 
loaded and removed from the bus as five 
units would exceed the interrupting rat- 
ing of the breakers. This operation re- 
quires that 25 per cent of the present 
plant capacity, or a possible 216,000 kw 
of capacity must be removed from the 
system to accomplish the desired switch- 
ing. Breakers of 5,000,000 kva capacity 
would make it unnecessary to remove 
‘more than one unit at a time.” 

Fast relaying and circuit interruption 
‘during faults play an extremely important 
role in system stability where there are 
large concentrations of generating capac- 
ity and transmission lines that are heavily 
loaded. This is accentuated on the sys- 
tem under discussion by the fact that 
there are lumped loads and lumped gen- 
erating capacity in the Pacific Northwest, 
separated by long transmission distances. 
With over 400,000 kw of generating ca- 
pacity on one bus at Coulee Dam, a fault 
on or adjacent to this bus is a major con- 
sideration, and will result most surely in a 
major out-of-step condition on the rest of 
the system if not cleared promptly. For 
this reason the fastest circuit breakers 
available (3-cycle interrupting time) com- 
bined with the fastest system of relaying 
(carrier relaying) is used on the Bonne- 
ville System and at Grand Coulee to in- 
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TRANSMISSION SYSTEM— BONNEVILLE POWER ADMINISTRATION 
SPOKANE 
230-KV BUS 


115-KV ‘BUS 


82 MILES 


Figure 3. Simplified 
diagram of _ inter- 
leaved bus arrange- 
ment with bus ties 
through lines to dis- 
tant stations 


sure minimum disturbance and maximum 
stability. 


The 230-Kv 3-Cycle Oil Circuit 
Breakers 


The principal design features of the 
230-kv 3-cycle oil circuit breakers of the 
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Figure 2. Diagram of west power plant at 
Grand Coulee Dam showing generators, future 
pump motors, and switching station 
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GRAND COULEE POWER PLANT AND SWITCHYARD-U.S. BUREAU OF 


RECLAMATION 


type used for the fault tests already have 
been described.* Figure 4 shows a pho- 
tograph of the test breaker JYA which is 
located at the east end of the 230-kv 
switchyard and is used for switching one 
of the lines to Spokane. 

The housing on the side of the first 
tank encloses a compressed air operating 
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parting during this particular series of 
ests, a special tripping switch was at- 
t ached to the mechanism frame in such a 
position that the main lever would close 
switch contacts about a cycle before 
the breaker contacts touched during the 
closing stroke. This switch can be seen 
in the close-up view of the mechanism in 
‘Figure 5. Thus, when closing against 
a fault, tripping could be initiated suf- 
fi ciently i in advance of the establishment 
of the short circuit that the contacts 
would separate during the first half cy- 
cle of fault current. 
- Each phase of the breaker is built in a 
steel tank, 108 inches in diameter, with 
capacitor type bushings having potential 
taps which were used to obtain an oscillo- 
graphic record of the transient voltages 
during the breaker operation. The cross 
section view of Figure 6 through one of 
_ the breaker pole units shows the linkage 
4 for operating the main lift rod and cross- 
arm bridging the two interrupting units 
on the ends of the capacitor bushings. 
_Asectional view of the multiflow deion 
grid type of interrupter used in these 
4 3,500,000-kva circuit breakers is shown in 
- Figure 7. The effectiveness of this device 
‘ is indicated by the fact that only one 
pressure generating break and one inter- 
rupting break per breaker terminal is re- 
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it current at iS instant of contact | 


ack ae Be operation at 230, kv. 


Gas - pressure developed in the. upper 
chamber | by the short-circuit current 


sends a flow of oil down two parallel chan- 
nels and then through pairs of inlets in 
order to converge on the main arc from _ 
opposite directions at four different .lev- 


els. The flow sweeps axially upward and 
downward through orifice openings to the 
vent passages interspersed between the 


‘inlets, cooling and deionizing the arc space 


so that interruption takes place at an early 
current zero. Arc energy is kept low by 
avoiding unnecessary lengthening of the 
are. 

To supplement the self-generated flow 
during the interruption of line charging 
current, a spring driven piston is located 
in the bottom of the contact assembly in 
such a way as to operate independently of 
the movement of the lower contact. Oil 
flow from this piston passes through chan- 
nels to a single orifice in the top pressure 
gap and then down the main channels 
to the interrupting break. During 
high current interruptions, back pressure 
holds the piston until after arc extinction. 
As the pressure falls the piston then com- 
pletes its stroke, sending a flushing flow of 
oil through the structure. ; 

A view of two of these multiflow deion 


grids taken out of the test breaker is illus-_ 


trated by Figure8. The shields have been 
removed to show the contact operating 
linkage and the vent openings in the side 
of the grid assembly. 


Line Dropping Tests 


A series of line dropping tests was made 
with breaker J Y-31 opening the charging 
current of the 183 miles of line from 


Figure 4 (left). 


Figure 6 (right). 


kva 
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View of Grand 

Coulee Dam switchyard showing 

230-kv oil circuit breakers in- 
cluding test breaker JYA 


Section through 
one pole of 230-kv 3-cycle 
breaker equipped with a pair of in- 
terrupting units rated at 3,500,000 


Figure 5. Compressed air operating mecha- 
- ‘nism for 230-kv test breaker 


Arrows point to special pretripping switch 


Coulee Dam through Columbia substa- 
tion to Covington near Seattle. On some 
of the tests there were single delayed arc 
reignitions, but the majority of operations 
were without any restrikes as illustrated 
by Figure 9, showing complete opening 
2.8 cycles after the breaker trip coil was 
energized. 

Of particular interest is the record of 
voltage E, directly across the oil circuit 
breaker terminals. This was measured 
by means of an amplifier circuit fed from 
the voltage difference between the poten- 
tial taps of the two capacitor type bush- 
ings on pole A of the test breaker. Note 
that the recovery voltage builds up to 
double peak value, and then oscillates 
about an axis displaced by an amount 
representing the trapped charge on the 
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Figure 7. A 230-kv multiflow deion grid 
interrupting urit showing oil flow path from 
piston used to interrupt line charging current 


Tripping of breaker releases main cross arm A, 
allowing springs B to move operating rod C 
down and rotate contact arm D, drawing pres- 
sure generating arc E. Simultaneously, pin 
F swings lever G downward, pulling contact 
H away from intermediate contact | to draw 
main arc J. Pressure from upper arc E drives 
oil through channels K to multiflow inlets L, 
deionizing arc in multiorifice structure M, and 
sending arc products out vents N. Springs O 
push piston P downward to provide supple- 
mentary oil flow for low current arc interrup- 
tion, Flowing oil through channel Q to orifice 
R in upper gap and then to main flow channel. 
Back pressure from high current arcs stops pis- 
ton until arc is interrupted, when completion 
of stroke sends Flushing oil flow through grid 


line which very slowly leaks off. The 
tecords of line voltage H, and E,, being 
obtained with conventional potential de- 
vices including a step-down transformer, 
fail to show the sustained charge on the 
line after being disconnected from the 
Coulee bus. 


Short-Circuit Tests 


Single phase tests at 132 kv to ground 
have been made on a similar breaker in the 
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CO-15-CO 


2 ..36..3 phase to ground. . 


C0-15-CO { 


2B. .43.. Phase C to ground. .Off. .241.5.. C. .5,000/1.. f wee es y 

3A..44..Phase B to ground. .On. .241.5.. B..5,000/1.. { 
CO-15-CO 

3B. .45..Phase B to ground. .On. .241.5.. B. .5,000/1.. | 


* See Figure 10 for bussing arrangement. 


ig ER ee = ee 
+ These current values are not reliable because of saturation of the 300/l-ampere bushing current 
formers. The 5,000/l-ampere instrument current transformer has a 5,000-ampere primary rating, 


l-ampere secondary. 
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t These currents are not necessarily the maximum fault currents obtained, but are the currents existing a : 


1A. .40..Phase A to ground. .On..241.5.. A. .5,( 
1B. .41,,Phase A to ground. .On, .241.5.. 


2A, .42..Phase C to ground. .Off. .241.5.. i 
CO-15-CO 


300/1. 
300/1.. 


bs 
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the instant of mechanical separation of the breaker contacts, upon which the interrupted kva is based. — 


* 


Figure 8. View of pair of 230-kv multiflow 
deion grid units with shields removed taken 
after high power fault tests 


high power laboratory up to 10,400 am- 
peres, corresponding to a 3-phase fault of 
4,300,000 kva. The rate of rise of recov- 
ery voltage on this freely oscillating labo- 
ratory circuit is approximately 2,500 
volts per microsecond, representing a 
more severe operating condition than is 
ever likely to be encountered in service. 
The 230-kv bus at Coulee Dam, when 
all transmission lines are disconnected, 
approximates the laboratory conditions, 
although it is not likely that maximum 
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generating capacity would be ae 
to a bus section with only one line carry- 
ing load. However, there is more capaci- 
tance to ground on the Coulee bus than a 
laboratory circuit because of the greater 
number of connected pieces of equipment 
such as breakers, transformers, bus sup- 
ports, and coupling capacitors. This is 
sufficient to reduce the natural frequency 
of oscillation at the bus, and likewise the 
voltage recovery rate, to less than 40 per 
cent of the laboratory circuit. 

It should be pointed out that although 
test breaker JYA has been in service for 
about four years, it was revamped with 
the present contacts for 3,500,000 kva 
rupturing capacity about a year and a 
half before these special tests. 


Three-Phase Fault Tests 


Following two preliminary tests with 
one generator and with three generators 
connected, a standard duty cycle test of 
two close-open operations separated by a 
15-second interval was made under a 3- 
phase grounded-fault condition with six 
‘generators connected. These included 
four 108,000-kva units and the two 75,- 
000-kva generators as shown in Figure 10. 
The maximum power interrupted, as indi- 
cated by the data of Table I for tests 1 and 
2, was 3,100,000 kva, approximately 89 
per cent of the breaker rating. The 
breaker was pretripped as described, 
permitting the contacts to be separated 
during the first cycle of short-circuit 
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eurrent (see Figure 11). The perform- 
ance of the breaker was remarkably 
quiet, no smoke or jar being evident to 
' the observers. 

Before proceeding with the single-phase 
short circuits at current values up to and 
above the breaker rating, the oil was re- 

moved and an inspection made of the con- 
dition of the contacts. So little material 
‘was burned away that it was not consid- 
ered necessary even to smooth up the 
contact surfaces or make any changes in 
‘the contact adjustments. The oil and 
insulating surfaces were quite clean, so 
that the breaker was refilled immediately 
for the remaining tests. 


: Single-Phase Fault Tests 


Each pole of the breaker was given the 
standard duty-cycle test consisting of 
two close-open operations separated by a 
15-second interval, with a single line-to- 
ground fault close to the breaker and 
six generators feeding power to the bus. 
The pretripping scheme was used again to 
obtain contact parting as close to the first 
cycle as possible. Data from the oscillo- 
grams of these six interruptions also are 
given in Table I. 

- Tests 2A and 2B form a remarkable 
pair of almost duplicate interruptions of 
10,450 amperes at 241.5 kv bus voltage, 
corresponding to 4,370,000 kva on a 3- 
phase basis. The breaker trip coil was 
energized one cycle before the closing 
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contacts established the fault current 
which consisted of only three half 
waves, two large almost completely dis- 
placed loops with a small reverse loop be- 
tween (see Figure 12). The breaker per- 
formed quite easily on all of these high 
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Figure 11. 
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SPOKANE LINE NO.4 
TEST OIL LENGTH ~82 MILES 
CIRCUIT , ‘ 
BREAKER 
JYA JY3 ' 

230-KV BUS 


108,000 KVA 75,000 KVA 
13,800 VOLT 13,800 VOLT 
Xq- 6! PER CENT Xq-68PER CENT 
X'q-23 X’qg-2t 
x"q-16 x"a-18 


Figure 10. Diagram of connections for short- 

circuit tests on 230-kv 3-cycle breaker JYA - 

using four 108,000-kva generators and two 
75,000-kva units in parallel 


power operations, there being very little 
external evidence of the tremendous 
short-circuit power cleared by the switch. 
Since no transmission lines were con- 
nected during these two tests, the bus 
voltage was permitted to oscillate freely, 
giving a voltage recovery rate estimated 
from the oscillograms to be close to 1,000 
volts per microsecond. 

It is interesting to compare the short- 
circuit current values actually measured 
with the calculated figures. The maxi- 
mum asymmetrical 3-phase short-circuit 
power from four 108,000-kva and two 
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3100.00 KVA INTERRUPTED | 


ON 3 PHASE BASIS 


Oscillogram of 3-phase short-circuit test at 241.5 kv interrupting 3,100,000 kva 


Breaker pretripped one cycle before fault established by closing contacts 
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75,000-kva generating units in parallel 
on the 230-kv bus, with two cycles of dec- 
rement, amounts to 2,970,000 kva from 
Hoard’s data.!. The curve in Figure 13 
shows a decrement factor of 1.4 at two 
cycles, and 1.64 at one half cycle where 
the breaker contacts actually parted and 
the current was measured on these tests. 
Multiplying by the ratio of these two 
factors raises the short-circuit power to 
3,480,000 kva, corresponding to a maxi- 
mum asymmetrical first-half-cycle cur- 
rent of 8,310 amperes with the power 
transformers on the 241.5-kv taps used 
for the tests. 

For single-phase faults, with all of the 
transformer neutrals solidly grounded, the 
current should be at least 30 per cent 
higher or 10,800 amperes, which is approxi- 
mately the maximum current obtained. 

On the other four interruptions, the 
same six generators were connected, but 
varying degrees of asymmetry in the cur- 
rent wave resulted in short-circuit power 
between 2,500,000 and 4,000,000 kva on a 
3-phase basis. For these tests Spokane 
number 4 line, 82 miles long, was con- 
nected to the high voltage bus, cutting 
the voltage recovery rate to about a third 
and damping out overswinging of the ini- 
tial transient. No consistent effect on the 
interrupting performance was observed, 
however, because of this difference in re- 
covery rate, the interrupting times on the 
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Figure 13. Calculated decrement of maxi- 


mum asymmetrical fault current for short cir- 
' cuit at Grand Coulee 230-kv bus 


Test values checked this curve very closely 


six high-power single phase tests being 
included in the narrow range from 2.4 to 
2.8 cycles with an average of 2.65 cycles. 
The oil dielectric strength after this 
heavy duty measured as high as before 
the tests, and there was only a slight dis- 
coloration caused by carbon formation 
from the arcing. All of the multiflow grid 
surfaces were quite clean, with no appre- 
ciable enlargement of the orifice dimen- 
sions as indicated by Figure 14. The 
silver-tungsten contact tips had lost not 
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Figure 12. Oscillogram of maximum power single-phase fault interruption, equivalent to 
4,370,000 kva at 241.5 kv 3-phase, within 2.7 cycles after energizing breaker trip 


No lines connected to bus 
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Figure 14. Photograph of fiber grid plates 
removed from multiflow grid after 4,370,000- 
kva test showing only slight erosion of orifices 


Small chip of fiber was split off upper right 
plate 


Photograph of arcing contacts 


Figure 15. 

from pole 2 of 230-kv breaker after 4,370,000- 

kva test showing only moderate burning of 
silver-tungsten tips 


more than !/3. inch of material over only a 
part of the surface area, and were still 
in condition for further service (see Figure 
15). The only result of applying these 
heavy short circuits up to nearly 25 per 
cent above rating was the cracking off of 
a small sliver from one of the fiber plate 
items, and a dislodgement of one inter- 
mediate contact sufficient to keep it from 
falling back into its normal position. With 
minor design changes to increase the me- 
chanical ruggedness still further there 
would seem to be no reason why this 
type of interrupter could not handle satis- 
factorily short circuits of 5,000,000 kya. 


Conclusions. 


These heavy short-circuit tests above 
4,000,000 kva on the 230-kv bus at Cou- 
lee Dam have served not only as a check 
on calculations of fault currents, but they 
also have confirmed high power labora 
tory test in demonstrating a margin o} 
safety in the rupturing capacity of the 
230-kv 3-cycle breakers as rebuilt for <¢ 
rating of 3,500,000 kva. The relative 
ease with which the test breaker per 
formed its duty suggests the practica 
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PHHILOSOPHICALLY the 
& power system exists to serve certain 
iman needs and it must serve them bet- 
and more economically than they 
uild be served by other methods or it 
would not be able to continue to exist or 
t grow. The rendering of service of 
the required degree of excellence, within 
momic limitations, is not an inherent 
attribute of the electric power system but 
is the result of sustained and carefully 
-ordinated effort on the part of all 
concerned in the rendering of the service, 

including 

e ; Precautions taken in the design of equip- 
ment to make it trouble free and reliable. 


B. Precautions taken in system layout and 
onnections to enable service to be rendered 
continuously under adverse as well as under 
favorable conditions. 


3. Precautions taken i in the operation and 
maintenance of the system to avoid unneces- 
‘sary interruptions to service. 


_ When everything economically pos- 
sible has been done along these lines, how- 
ever, the system still remains subject to 
unavoidable defects which result in faults, 
tending to cause damage to equipment 
and interruptions to service. Specific 
measures taken to minimize the detri- 
mental effects of such faults comprise sys- 
tem protection, the fundamental idea of 
which is to reduce damage to equipment 
and to improve service to customers. Re- 
lay protection cannot prevent faults from 


Paper 46-172, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted January 14, 
1946; made available for printing May 23, 1946. 


E. W. Knapp is superintendent, engineering divi- 
sion; BEN C. Hicks is protection engineer, operat- 
ing department; both of the Shawinigan Water 
and Power Company, Montreal, Quebec, Canada. 
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occurring on the power system, but it is a 
means of minimizing the effects of such 
faults when they do occur. The expendi- 


ture which can be justified for protection | 


is a measure of the probable reduction in 
cost of repairs and of the probable im- 
provement to service which will result 
from the use of the protection. 


General Principles of Protection 


The basic ideas and principles which 
underlie and determine the policies ad- 
hered to, in providing protection for the 
electric power system are relatively few 
and simple. They may be divided con- 
veniently into two groups. 

The immediate object. of the electric 
power system is to make continuously 
available a supply of energy at approxi- 
mately constant voltage and frequency. 
A difficulty encountered in attaining this 
objective results from the fact that a fault 
at one point on the system tends not only 
to destroy or seriously damage the equip- 
ment directly affected but also to involve 
the whole system in serious voltage and 
frequency disturbances and possibly in 
widespread interruptions to service; the 
seriousness of these effects being, in large 
measure, determined by the length of 
time that the fault is allowed to remain 
on the system. This difficulty is met by 
building the system up of numerous ele- 
mentary sections joined together at stra- 
tegic points by suitable automatic circuit- 
interrupting devices which enable any 
section to be isolated from the remaining 
sections without interfering seriously with 
the essential integrity of the system as a 
whole. Each of these sections is then 
provided with appropriate automatic 


bility of constructing breakers of still 
higher interrupting rating. The appli- 
cation of such breakers at Coulee Dam 
would free the system from present op- 
erating limitations. 

The success of these record breaking 
tests is the result in no small measure of 
the excellent co-operation of many mem- 
bers of the engineering and operating per- 
sonnel of the Bureau of Reclamation, 
Bonneville Power Administration, and 
Westinghouse Electric Corporation. 
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equipment designed to detect faults 
within the section and to quickly and se- 


lectively isolate a defective section from 


the remainder of the system. In order — 


that no part of the system may remain 
unprotected the various zones of protec- 
tion are made to overlap each other at the 
junction points of the respective sections. 


Not only is system protection con- 
cerned with the successful isolation of de- 
fective sections of the system, it is con- 
cerned equally with the determination of 
fault locations and causes and with the 
return to service of affected sections in as 
short a time as possible. For this pur- 
pose, therefore, extensive use is made of 
relay indicators, automatic fault locators, 
and automatic oscillographs in the analy- 
sis of system troubles. Furthermore, ex- 
perience has shown that the majority of 
faults on transmission circuits prove to be 
transient if they are cleared quickly. In 
such cases automatic reclosing breakers 
are used as an additional means of im- 
proving service. 

From the foregoing it may be concluded 
that, to a very large extent, the protec- 
tion of a large power system must be a 
custom built job. The system is ana- 
lyzed carefully and whenever major modi- 
fications or additions take place the nec- 
essary fault studies are carried out. Asa 
result of such studies appropriate protec- 
tive schemes are applied. In general, 
these schemes are built up in the field, of 
standardized units of equipment, as- 
sembled into the various special combina- 
tions necessary to meet the requirements 
of any situation that may be encountered. 

Another fairly obvious conclusion is 
that, in order to obtain the degree of co- 
ordination required for successful func- 
tioning, the protection of the whole sys- 
tem must be placed under the control of 
one centralized authority. 


Applications of Principles 


When attempting to apply the princi- 
ples of protection it is necessary to note 
the physical conditions that can be made 
use of as the basis ‘of the automatic fea- 
tures of protection. Of primary impor- 
tance in this respect are the two active 
quantities of the electric circuit—current 
and voltage. Intelligently used in appro- 
priate circuits and devices they can be 
made to represent most of the character- 
istics that are essential in distinguishing 
between normal and abnormal conditions 
on the system. Toa more limited extent, 
various other physical conditions associ- 
ated with electrical apparatus such as 
temperature, pressure, gas accumulation, 
and frequency, may be used also. In ad- 
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dition to these, time is quite generally use- 
ful as a co-ordinating factor. 

Protection may be considered to be 
simple or complex depending on whether 
it makes simultaneous use of one or 
more of the fundamental quantities avail- 
able for fault detection. Furthermore, 
complex protections may possess vary- 
ing degrees of complexity. 

The simplest form of protection is the 
fuse which utilizes current only and finds 
extensive applications on a great variety 
of electric circuits from the lowest volt- 
ages up to 138,000 volts. It incorporates 
in itself both the fault detecting and cir- 
cuit-interrupting functions. Its great ad- 
vantages are low cost and simplicity, but 
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its use is limited to circuits carrying a few 
hundred amperes. An outstanding dis- 
advantage is the more or less prolonged 
interruption to service required for re- 
placement whenever there is an operation. 
This may be overcome to some extent by 
application of the principle of the reclos- 
ing fuse. Their somewhat inflexible time- 
current characteristics may at times be 
another disadvantage of fuses. 

Some of the limitations of fuses may 
be overcome by utilizing electromagnetic 
coils energized by the current flowing in 
the protected circuit. It is then neces- 
sary to provide a separate circuit-inter- 
rupting device, or circuit breaker, which 
the coils may actuate. The simplest 
form of protection associated with a cir- 
cuit breaker consists of a trip coil on the 
breaker actuated by the current, or a 
proportion of the current, which passes 
through the breaker. Such trip coils may 
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trip coil the sole du 
latch on the circuit breal 
In these simple forms « 
tion there are only twe 
taining selectivity. Oneist 
that the relative magnitudes © 
currents, at the points between 
selectivity is required, will differ 
sufficient amount to inherently pr 
the required selectivity. The othe 
the possibility of using time to provide 
the required selectivity. The former pc 
sibility is usually a forlorn hope. The 
great disadvantage of the latter is the de- 
lay involved in clearing faults, which may 
become several seconds on an extensive 
system. Another disadvantage is the 
fact that, in obtaining selectivity by tim- 
ing, the shortest clearing times are at the 
ends of branch feeders where fault cur- 
rents are minimum whereas, from the 
point of view of limiting damage, the 
shortest clearing times should be nearest 
to the power source where fault currents. 
are maximum. Even accepting the kind. 
of selectivity that can be obtained by the 
use of time and simple current, the 
method is applicable to radial systems 
only and not at allto networks. : 
The field of usefulness of protective 
features based on current only may be ex- 
tended very appreciably by associating 
with it the principle of comparison. This 
gives rise to such schemes as: ~ i 


1. Differential current which may be ap- 
plied to transformers, generators, busses, 
and short tie lines. Advantages of differ— 
ential current protections are the fact that 
the zones protected are clearly and sharply 
defined providing inherent selectivity; set- 
tings may be very sensitive and time in- 
stantaneous. Such protections involve 
problems of current transformer character- 
istics. 


2. Current balance protections such as. 
parallel line and generator split phase. An 
advantage of the split phase protection is. 
that it can be made very sensitive. Its zone 
of effectiveness is also clearly defined. 
Parallel line protections are ineffective for 
line end faults. On radial lines the zone of 
ineffectiveness may be a considerable per-. 
centage of the line length. 


3. Phase sequence networks actuated by: 
current only may be used in conjunction 
with pilot wires to provide current compari- 
son between the two ends of a transmission 
line, giving the equivalent of a differential: 
protection. 
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ee ie meth: of Maret transmis- 
ion lines by means of current only is to 
tilize phase sequence networks in conjunc- 
tion with carrier current to compare the’ 
elative directions of current flow at the 
‘wo ends of the line.! 


_ Also included in the simple protections 
re . 
Overvoltage, used on generators. 
Residual voltage, for generator neutrals. 
3. Undervoltage. 
J Unbalanced voltage. 
. Gas accumulation, used on transformers. 
4 Pressure, used on transformers. | 
7 


7. Temperature, used on various kinds of 
ecuipment. 
8. Overfrequency. 


Underfrequency. 


oF 


F, Among the complex protections, im- 
-pedance is probably the simplest. In 
principle it uses current and voltage to 
“measure the impedance to a point of 
fault. When the impedance drops below a 
“critical value operation results. It has 
the advantage that its distance range, or 
zone of effectiveness, may be limited at 
will, within reason. It has the further ad- 
vantage that it is most sensitive for 
near-by faults and increasingly insensi- 
_tive as the end of its zone of effectiveness 
is approached. Its field of usefulness is 
in the protection of lines, especially on 
“networks, and for standby or backup pro- 
tection. It has the disadvantage that its 
‘range is altered by power arc voltage and 
_by fault resistance. By associating it 
with a single time-step effective co-ordina- 
tion of the protection on a radial system 
may be obtained without an inordinate 
increase in time of clearing faults at any 
point. On network systems it may 
be associated with directional features of 
protection to attain an effective co-ordina- 
tion of the protection of the whole net- 
“work. &n cases where changes of genera- 
tor capacity connected to the system 
would affect a simple current protection 
‘this limitation is not found with imped- 
“ance protection. 

The disadvantage of having the dis- 
tance range of an impedance relay affected 
by fault resistance can be overcome by us- 
ing a reactance relay. If necessary to 
attain selectivity a directional impedance 
or reactance protection may be combined 
with pilot features by using direct current 
on metallic conductors or by using carrier 
on the high voltage line. Under this con- 
‘dition the distance range adjustment need 
not be critical and simultaneous clearing 
of both line ends is obtained for all line 
faults. 

On long heavily loaded lines impedance 
relays may get into trouble by tripping on 
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overload or on power swings. Such a con- 
dition may be improved by the nse of 
relays which measure impedance at an 
angle. 

When sections of a large power system 
tend to pull out of synchronism due to 
clearing faults, power surges over certain 
tie lines may cause unnecessary tripping. 
In such cases when there is the probabil- 
ity that the swings would subside and 
conditions return to normal, out-of-step 
blocking may be added to protections that 
are sensitive to these conditions, to pre- 
vent faulty tripping. In cases where it is 
probable that synchronism cannot be 
maintained after a swing starts, condi- 


CINE 


Figure 2. Diagram 
showing how a power 
system is covered by 
overlapping zones of 
relay protection 
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UNIT NO.1 


tions can sometimes be improved by sepa- 
rating the system at a selected point. 
For this purpose a system separator can 
be added to the appropriate protection. 
The protective features discussed thus 
far have been those designed to detect and 
selectively isolate faults. There remains 
to be considered, methods of automati- 
cally returning circuits to service following 
the isolation of a fault. In general auto- 
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matic reclosing is not applicable in the 
case of equipment failures because de- 
fective equipment requires inspection 
and repair before it can be returned to 
service. On lines and feeders however the 
majority of faults are transient and the 
circuit will remain in service if reclosed 
immediately. With high speed protection 
should reclosing take place onto a perma- 
nent fault no ae: harm would re- 
silt. 

A successful scheme of automatic re- 
closing can be based on the principle that 
if a fault is transient the circuit will stay 
in if it is reclosed immediately after it has 
cleared. If a fault is permanent the cir- 
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UNIT NO. 2 


cuit will trip again immediately after it 
has been reclosed and no further attempts 
at reclosing should be made. There does 
not appear to be any practical use in pro- 
viding more than a single shot recloser. 
In practice such a recloser is built to lock- 
out should the circuit to which it is ap- 
plied trip twice within a predetermined 
time interval, which may be anything 
from about 2 to 15 or more seconds. 
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Circuit breaker duty ratings have a 
bearing on automatic reclosing. If cir- 
cuit breakers have ample capacity the 
time allowed for resetting the recloser may 
be short, if not the time must be longer. 

Another factor which must be consid- 
ered in providing automatic reclosing is 
the condition of synchronism. If a line is 
a tie between systems it must be decided 
whether to permit reclosing out-of-phase 
to take place, depending on the systems 
to pull into step, or to provide an automa. 
tic synchronizer, to operate in conjunc- 
tion with the automatic recloser. 


Practical Aspects of the 
Art of Protection 


Up to this point the problems of pro- 
tection have been dealt with in broad 
outlines only. Something now will be 
said about technical details, remarks 
along this line being in accord with cur- 
tent practice on the system of the Shawini- 
gan Water and Power Company. 

This system is located in the Province 
of Quebec and serves an area of roughly 
30,000 square miles. It comprises a 
number of hydroelectric generating sta- 
tions, having a total installed generator 
capacity of 830,000 kw. There are more 
than 60 high-voltage lines operating at 
44 ky and above, totalling approximately 


2,000 miles; in addition to an extensive: 


network of low-voltage distribution lines 
operating at 33 kv and below which are 
operated by the distribution department. 
Much of the power is utilized in heavy 
industry such as paper mills and mining 
and electrochemical plants, in addition to 
that supplied to distribution centers. In- 
terconnections (see Figure 1) are provided 
with the Saguenay, Hydro-Quebec, and 
other power companies, comprising a to- 
tal of approximately 2,500,000 kw of gen- 
erator capacity for the combined 60-cycle 
interconnected system.’ 

From the standpoint of protection this 
extensive system is composed of numerous 
elements joined together by means of au- 
tomatic circuit breakers and, to a minor 
extent, by means of fuses. The various 
elements of the system are, in the aggre- 
gate, provided with a multiplicity of pro- 
tective schemes which require the use of 
approximately 10,000 relays of 300 types. 
As far as possible each element of the sys- 
tem is provided with a protection, the 
zone of effectiveness of which overlaps the 
protected zones of adjacent elements. 
For convenience, relay protection zone 
diagrams are provided for the various 
sections of the system. Figure 2 is such 
a diagram for a small section of the sys- 
tem. This diagram depicts all the main 
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elements of the system, namely, genera- 
tors, transformers, busses, lines, and feed- 
ers; and may be used conveniently as 
the basis of a discussion of some practical 
details of protection design. 


constructed during the past 20 year: 
the tendency is to operate a unit system 
each generator and its associated power 
transformer forming the unit. In som 
stations transformer banks are not pro- 
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The hypothetical section of system 
shown in Figure 2 is more liberally pro- 
vided with circuit breakers than is often 
the case in practice. In some of the older 
generating stations a main low voltage 
bus has been provided, but in stations 
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Figure 3.. Schematic diagram of a trans- 
mission line protection showing trip se- 
quence 


Note; So far as possible this diagram rep- 
resents a rear view of panel. All relays 
have circuit closing contacts 


vided with high voltage circuit breakers. 
High voltage lines, also, sometimes are 
not provided with high voltage circuit 
breakers. In all these cases the best ex- 
pedients available are adopted to make 
the protection as effective as circum- 
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ces permit, One ee ‘these aes 


on power distribution transformers and 
on potential transformers. It was form- 
erly the practice to install glass-enclosed 
lead fuses on small and medium capacity 
transformers. In case of faults above the 
‘rupturing capacity of these fuses, the 
fault would be transferred to the high 
4 voltage line, causing it to open automati- 
: cally by the action of its protection. Re- 
cent practice is to provide fuses of suitable 
“timing characteristics and ample ruptur- 
ing capacity for the respective location. 
Both dry and liquid types of fuses are 
used but preference is now given to the 
dry types because of their greater con- 
venience and economy in use. Timing 
"characteristics include: high speed fuses 
for potential transformers and for distri- 
bution transformers where selectivity is 
not required or where selectivity requires 
"fast clearing; medium speed fuses where 
- required for selectivity with other fuses 
or very fast circuit breakers; and slow 
acting fuses where selectivity is required 
with slow operating circuit breakers and 
-telay protection. Fuses should only be 
used where it is not economically possible 
_ to justify the installation of an adequate 
relay protection. 
_ Where high voltage fuses do not pro- 
- vide an adequate protection and where it 
_is not possible to justify the installation 
of an automatic circuit breaker automatic 
~ grounding switches are used. The opera- 
tion of the relay protection initiates the 
- closing of the ground switch and this in 
turn permits the respective main line 
to be cleared by the action of its protec- 
tion. Single-pole, 2-pole, and 3-pole 
switches are in use, either spring oper- 
ated or motor operated. Experience has 
indicated that the motor mechanism is 
‘more reliable than the spring and that a 
2-pole switch is usually adequate. 


Protective relays are energized in gen- 

- eral by current and potential transform- 
ers. Recent practice has been to utilize, 
as far as possible, bus potential transform- 
ers for line relay protection up to and in- 
cluding 110 kv. On systems operating at 
voltages above 110 kv either capacitor- 
type potential devices or compensated 
low voltage potential transformers are 
used for line relaying. Potential trans- 
formers are commonly provided with 

- double secondaries to facilitate obtaining 
a delta point voltage for ground protec- 
tion when required. When such a voltage 
is required and the potential transformers 
have only one secondary a set of one-to- 
one ratio auxiliary potential transformers 
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‘ iF weren high voltage fuses are ‘Ged 


- may ceils the required wweltoge Oc- 


casions also may afise where auxiliary 
potential transformers furnish a con- 
venient means of correcting phase angle 


or ratio in the potential supply. — 


Current transformers quite commonly 
define the limits of protective zones. This 


_ is particularly true in the case of differen- 


tial protections, but an exception may be 
noted where a feeder carrying a small load 
is permitted as a leak in the differential 
zone. Various justifications may be 
found for this practice, such as lack of 
suitable circuit breakers. In the case of 


directional distance line protections the — 


directional relays permit the current 
transformers to mark one limit of the 
zone of effectiveness of the protection, the 
other limit being determined by the set- 
ting applied to the distance relays. On 
pilot protections current transformers 
mark both limits of the protected zone. 
The most extensively used current 
transformers are through types installed 
on the bushings of circuit breakers and 


transformer banks, or on cables and bus | 


bars when voltages do not exceed 15 kv. 
Wound primary current transformers are 
used to some extent on low voltage circuits 
and on circuit breakers which do not lend 
themselves to the use of bushing type 
transformers. Some circuit breaker de- 
signs do not permit the use of built-in 
current transformers and separate oil- 
filled current transformers are used. In 
all cases an attempt is made to keep the 
resistance of the secondary windings of 
current transformers low, to keep lead 
burdens low and to use the maximum 
cross section of iron consistent with space 
limitations. 

In protection design attention is first 
given to the system diagram, to deter- 
mine what may be necessary or possible 
in the way of zones of protection. Then 
fault studies assist in the co-ordination of 
the various features of the complete 
protective scheme. Following this a 
trip sequence diagram is prepared for 
each protection, to serve as the basis for 
the preparation of the main wiring dia- 
grams, 


Generators 
Generators of 10,000 kva capacity or 


above usually are provided with several 
features of protection, including 


1. Instantaneous split phase. 

2. Instantaneous current differential. 

3. Definite time impedance standby. 

4. Definite time or inverse time overvolt- 
age. 
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6. Thetis time or instantaneous ground % 


alarm. 


The mi alarm is usually provided 


through the medium of a single potential 
transformer in the generator neutral or | 


through the installation of a set of star/ 
corner delta potential transformers con- 
nected to the generator terminal leads. 
Thirty per cent of all generators are 
grounded through a single potential trans- 
former. 


In future installations serious considera- 


tion will be given to the installation of a 

small single phase distribution transformer 

between generator neutral and ground.» 
Differential and split phase protections are 

set as sensitively as possible to reduce 

burning of iron laminations and thusavoid 

restacking. Settings of the order of two 

per cent of generator rating are attained. 

By-pass reactors on the relay coils assist in 

eliminating faulty relay actions due to d-c 
transientson through faults. Overvoltage 

protections are set to act instantaneously 

at about 140 per cent of normal voltage to 

avoid overstressing insulation following 

a sudden drop of load. The standby pro- 

tection acts as a stand-by to the system 

protection at large and to the generator in 

case of the differential and split phase 

features are out of service. 


Transformers 
| 
Power transformers are usually pro- 
vided with one or more of the following 
forms of protection: 


1. Imverse-time current differential or 
2-step current differential. In some cases 
impedance relays are used instead of current 
relays for this feature. 


2. Instantaneous residual current ground 
protection, connected differentially if it ap- 
pears feasible or advantageous to do so. 


3. Gas detector relay to indicate gas ac- 
cumulation or pressure. In some cases the 
gas accumulation element is arranged to pro- 
vide a vistial and audible indication only, 
without actually tripping the respective 
bank. 


4. Impedance stand-by, combined. with 
generator stand-by on the unit system. 


Large power transformers are usually 
provided with some form of differential 
protection, which either overlaps the 
generator protection, in the case of a unit 
system, or the low voltage and high volt- 
age bus protections where busses are used. 
The aim is to make these protections as 
sensitive as possible to avoid damage to 
core iron and to reduce the hazard of oil 
fires. 

In the 2-step form the sensitive fea- 
ture is set at 30 per cent of bank rating 
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and 2.5 seconds definite time; the instan- 
taneous feature is set at 225 per cent of 
bank rating. 

Gas detector relays are used more par- 
ticularly on large 3-phase power trans- 
formers and step regulators. Many 3- 
phase power transformers are equipped 
for tap changing under load and the gas 
detector relay provides a measure of 
protection for this device. Gas detector 


relays also are used on single phase trans- 


formers where they would be more con- 


venient to apply than an adequate ex- 


cess current or differential protection. 
Experience with these relays has been 
reasonably satisfactory and the gas de- 
tector element has operated for conditions 
such as low oil, air in the oil, stoppage of 
breathers, and overheated connections. 
Some difficulties have, however, been en- 
countered because of inexperience of 
operating personnel, oil hammer when 
attempting to determine the presence of 
gas, and moisture collecting on the termi- 
nal studs of the relay. 


Busses 


Busses usually are equipped with some 
form of duplicate differential protection. 
This usually requires two current trans- 
formers per phase, unless a special ar- 
rangement is devised. 


In some cases a scheme of double dif- 
ferential bus protection has been provided 
using a single set of current transformers 
with both impedance and current relays 
connected so that it requires both features 
to operate in order to trip the respective 
bus. Where fault currents exceed the 
interrupting capacity of low voltage cir- 
cuit breakers an excess current feature 
may be added to the respective feeders to 
insure automatic clearance of the whole 
bus, rather than rely on the low inter- 
rupting capacity of individual circuit 
breakers. During recent extensions to 
the power system, it was estimated that 
fault current in the vicinity of one 110-kv 
station would exceed the interrupting ca- 
pacity of existing circuit breakers. There 
were two 110-kv busses at this station and 
an arrangement was made to install a 
high speed circuit breaker between these 
two busses, equipped with a relay scheme 
to automatically open the bus tie circuit 
breaker for nearby faults. It is designed 
in this manner so that the busses will be 
separated before a local breaker attempts 
to clear a nearby fault, thereby reducing 
the fault current to a value which can be 
handled by the circuit breaker on the 
faulted circuit, This feature has oper- 
ated on several occasions to date with 
satisfactory results. 
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general the Shawinigan Water and Power ~ 


Company favors the 2-step impedance 
and directional scheme for both short 
circuit and ground protections. The 
trip sequence diagram of such a protec- 


tion is shown in Figure 3. This form of 
protection is particularly applicable to — 


high voltage lines having low ground re- 
sistance and operated in either a parallel 
line or network system. 

On lines having high ground resistance, 
such as wood pole lines, stand-by resid- 
ual current relays are added to other 
features. In some cases use has been 
made of parallel ground relays for wood 
pole 60-kv lines operating in parallel at 
both ends. Some difficulty has been ex- 
perienced in providing a fully satisfac- 
tory ground protection for such wood pole 
lines not equipped with overhead ground 
wires or other means of reducing ground 
fault resistance. On short tie lines con- 
nected into the main transmission net- 
work recent practice has been to provide 
buried counterpoise wires in order to im- 
prove the effectiveness of the impedance 
ground protections. 

All power circuits of 110 kv and above 
are operated solidly grounded star. All 
60-kv circuits are operated “‘delta isolated 
neutral’”’ but with small grounding trans- 
formers located at strategic points. In 
some cases transformers of 1,000-3,000 
kva capacity used for auxiliary supply are 
utilized also as grounding transformers. 
A circuit breaker frequently is installed in 
the neutral of the grounding transformer 
and arranged to trip automatically when 
grounds persist for a definite time of two 
to three seconds. Most of the high volt- 
age steel-tower lines are provided with 
either overhead ground wires, buried coun- 
terpoise wires, or both. This tends to 
reduce lightning outages and to keep the 
ground resistance to a low value, permit- 
ting the successful use of impedance 
ground delays. 

The instantaneous step of an impedance 
protection is ordinarily set to cover 95 per 
cent to 100 per cent of line length. The 
second step is set to reach into the next 
line section with a time delay of 0.5-0.8 
second. With high speed circuit breakers 
and protections it is probable that se- 
lectivity can be retained with these time 
delays reduced to about 0.4 to 0.5 second. 
On 3-ended lines 3-step impedance pro- 
tections have been used successfully. 

Instantaneous protection over the 
whole length may be obtained by the 
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The d-e pilot 


in length. It usually operates from dr 
cells of 90-135 volts rating. Conductors 
vary, depending on local conditions, and 
include private telephone circuits, lea 
Bell Telephone circuits, and small-con- 
ductor buried cable. All pilot cables are 
well insulated from ground. The d 
pilot scheme has the advantage that it 
can be added to a more or less standard 
line protection and will provide stand-by 
protection at all times, even when the 
pilot feature may be out of service. 


Automatic Reclosing 


There are several automatic reclosing 
installations in service on transmission 
systems operating at voltages up to 187 
kv. New installations are being com- 
pleted ‘as rapidly as conveniently possible. 
Recent practice has been to adopt one 
immediate automatic reclosure with an 
automatic reset feature for transient faults 
and lock-out for permanent faults. Time 
delay of reclosure is normally kept to a 
minimum, usually not more than 2.5 sec- 
onds. To date, there are no installations 
of automatic reclosing on lines directly 
supplying synchronous motor loads. How- 
ever, installations are now under consid- 
eration on a number of 60 kv lines sup- 
plying paper mill and mining loads, which 
include synchronous motor installations. 
An installation is also being completed 
on a system consisting of a small genera- 
tor connected through a tie line to the 
main system, and on one of the radial 
lines connected to this there is a synchro- 
nous motor. We are looking forward with 
considerable interest to this development, 
with a view to extending automatic re- 
closing to network systems. 


Conclusion 


It will be realized that the application 
of protection to the power system does not 
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p< POWER SYSTEMS on transport 
aircraft before World War II were 
small in capacity as compared to the 
present requirements. Present wide 
" speed-range generators are 12 to 15 times 
the ratings used on old DC-3’s, and sys- 
_ tem capacity on new transports may be 30 
_ times greater and capable of sustaining 
_ fault currents greater than 5,000 amperes 
at 30 volts. It is also necessary to con- 
é sider the increase in the voltage from the 
smaller system to the larger system. The 
/12-volt system does not have sufficient 
potential to maintain an arc or ionize 
" gases so that an arc could be maintained 
- for any length of time, whereas, the 24- 
_ .volt system does have sufficient potential 
- to maintain an arc or ionize gases. This 
isa fundamental characteristic of the elec- 
‘tric circuit and is quite often forgotten 
about when voltages greater than the 
critical arcing values are used. Arcing 
voltages are in the neighborhood of 18 to 
20 volts, depending upon the materials 
and atmospheric pressures at the elec- 
trodes involved. The number of elec- 
_trically operated devices also has been in- 
creased, and many of the electrical re- 
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quirements which are vital to flight opera- 
tion are therefore dependent on the con- 
tinuity of electric power. Study of vari- 
ous means of controlling and protecting 
electric power systems against failures 
in the light of these facts has led to some 
interesting simple developments which 
are described in this paper. 


Electric Power and Protective 
Systems 


An aircraft d-c power system like any 
power system consists of generators, 
regulators, contactors, protective devices, 
functional relays, and cable. The sim- 
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Figure 1. Diagram showing contactor at gen- 
erator and no fault protection other than re- 
versed currents and polarities 


follow rigid rules in all respects. The gen- 
eral aim is to meet the requirements of 
the particular situations that arise, most 
effectively. Frequently, perhaps usually, 
a given end may be attained with equal 
effectiveness despite considerable varia- 
tions in the details of accomplishment, so 
that personal preferences may play some 
part in the final solution. On the other 
hand, economic considerations may dic- 
tate radically different solutions to ap- 
parently similar technical problems at dif- 
ferent places. The attempt has been 
made in this paper to emphasize the 
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rather general aspects of protection; no 
attempt has been made to analyze tech- 
nical details exhaustively. It is hoped 
that we have succeeded in preventing the 
trees from causing us to lose sight of the 
forest. 
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plest system consists of generators, regu- 


ators, and reverse current cutouts. This 


system on multiengine planes using 28 
volts definitely has indicated that im- 
provements are desirable from the stand- 
point of over-all performance, reliability, 
safety, and full automatic features, both 
during normal service and under condi- 
tions where faults cause serious conse- 
quences to the electric power system and 
perhaps to the airplane itself. — 

Only two protective features were in- 
corporated in older, low capacity systems. 
Both were located in the cutout and con- 
trolled by the operation of a polarized re- 
lay. Polarization of the relay prevented 
the main contactor from connecting the 
generator to the bus or battery if its 
polarity built up incorrectly, and a series 
coil in the same relay caused the relay to 
open the main contactor in the event of 
excessive reverse current, preventing bat- 
tery discharge. 

This system and its two protective 
features worked reasonably well on low 
capacity and low voltages. On much 
higher capacities and higher voltages the 
results are not as favorable. Generator, 
contactorandcable faults, and overvoltage 
resulting from faults have caused com- 
plete loss of the electric power supply 
system, and have damaged batteries and 
other devices sensitive to power system 
faults as well as involving fire risks. 

Several types of faults are possible and 
all of them have occurred at one time or 
another. Power systems having simple 
protective apparatus against these faults 
have been developed and are coming into 
use, In addition to protection against 
battery drain and reversed generator 
polarity, protection now can be provided 
against overvoltage from faults or other 
causes, grounded generator leads, 
grounded generators, overheated genera- 
tors, and low voltage resulting from im- 
proper equalizer operation caused by wide 
generator speed differentials and frozen 
contactors. Trip-free reset may be pro- 
vided for faultindications. Althoughthese 
fault devices may operate infrequently, in 
case of trouble they are of vital impor- 
tance. 


Details of Protective System 


OVERVOLTAGE 


Overvoltage from one or more genera- 
tors is caused by excessive current in the 
shunt field windings for the speed and 
load conditions under which the generator 
is operating. In the past, the ratio of 
generator capacity to the battery capacity 
was small in comparison to the ratio of the 
larger generator capacity to the battery 
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capacity. As a result, the battery of the 
smaller system could absorb excessive 
charging current for a much longer time 
without difficulty and could prevent much 
increase in voltage. The fault causing the 
trouble may be sought out and corrected 
at the next landing. High capacity sys- 
tems do not have this advantage, and 
therefore overvoltage protection in larger 
planes and power systems is certainly de- 
sirable and is probably necessary. 

Several types of faults are responsible 
for overvoltage conditions. Wear of car- 
bon pile regulators has been pointed out as 
an offender. This condition can happen 
with the older models of this regulator. 
Design improvements reduced or elimi- 
_ nated this type of fault in modern regula- 
tors. However, broken leads, short-cir- 
cuited terminals, short-circuited leads, 
or any external fault which will increase 
the generator field current beyond the 
control of the regulator will bring about 
overvoltage. 

Relays designed to detect overvoltage 
operate effectively to remove from the 
system any generator which is producing 
overvoltage on the system. Operation of 
the relay also disconnects the generator 
field acting through the control devices 
provided for the purpose. The relay is 
provided with inverse timing character- 
istics to prevent transient overvoltage 
from causing nuisance operation. At 30 
to 32 volts its tripping time is one to three 
seconds, at 60 volts its tripping time is 
approximately 0.025 of a second. In 
other words, the higher the overvoltage, 
the faster the action of the relay. Prac- 
tically instantaneous operation at ex- 
tremely high overvoltages is important to 
avoid damage to electronic equipment 
such as radio, radar, and similar devices. 
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After spending considerable time on 
the investigation of time element relays 
for overvoltage sensing, a relay with the 
following description was found which 
solves the problem in a very reliable man- 
ner. It consists of a magnetic piston en- 
closed within a hermetically sealed non- 
magnetic cylinder. The relay coil is 
wound near the end of the cylinder close 
to the armature. The piston is hollow, is 
enclosed at one end, and is normally lo- 
cated toward the end of the cylinder away 
from the armature. In order for the piston 
to move, air must flow around the snuggly 
fitted piston, producing a time lag. When 
voltage is applied, the piston moves to- 
ward the armature, decreasing the air gap. 
When the piston moves close enough, the 
armature closes, operating the relay con- 
tacts. The higher the applied voltage, the 
faster the relay operates. A spring returns 


Figure 4,° Diagram 
showing _—_ generator, 
generator lead fault 
protection plus gen- 
erator feeder fault 
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Figure 3. Diagram showing double contactors, 
generator, and generator lead fault protection 


the piston to its original position when the 
relay is de-energized. 

Multiengine airplanes with one or more 
generators producing overvoltage will 
cause the bus voltage to rise, resulting in 
reverse current to the generators regu- 
lated for normal voltage. This condition 
will cause the main contactors of these 
generators to trip by the action of the 
polarized reverse current relay. The volt- 
age of the offending generator will rise 
still more, resulting in the immediate iso- 
lation of the generator from the system. 
The generators taken off of the bus or bat- 
tery by the reverse current relay will re- 
turn to normal operation through the 
action of the differentialrelay. Removing 
the offending generator from the system 
may clear the fault. The normal operat- 
ing controls are reset by opening and clos- 
ing the generator switch. When this is 
done, the generator will be automatically 
returned to the system, but if its voltage 
is still high, the overvoltage relay again 
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will remove it from the system. In this 

‘ease, the flight engineer can decide 
whether or not he should reset the trip-free 
control again by opening and closing the 
generator switch. Two or three trials are 
considered reasonable. 


GENERATOR AND GENERATOR 
LEAD FAULTS 


Generator lead faults are infrequent, 
but probably occur more often than faults 
within the generator. The generator and 
generator lead fault protection relay will 
take care of both types of faults. This re- 
lay is usually mounted in the nacelle near 
the generator. It consists of a single con- 
tact operated by two differential series 
windings on the same magnetic circuit. 
One of the windings is in series with the 
positive generator lead, and the second 
winding is in series with the negative lead. 
A fault in the generator or at the gen- 
erator leads unbalances the magnetic cir- 
cuit of the relay, resulting in the opening 
of the contacts. This in turn, through the 
control devices provided for the purpose, 
isolates the generator and disconnects its 
field. The trip-free controls may be reset 
by opening and closing the generator 
switch. Resetting may be repeated at the 
judgment of the operator. 


GENERATOR FEEDER PROTECTION 


Faults can occur in cable extending 
from the generator in the nacelle to the 
bus in the fuselage. Although such faults 
are very infrequent in well-installed and 
maintained generator feeder cables, they 
are extremely serious when they occur. A 
two-lead differential method is provided 
for this protection. Two relays are used, 
each of the differential-series-coil bal- 
anced magnetic circuit type. One is lo- 
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Figure 5. Diagram 

showing double con- 

tactors added to dia- 
gram of Figure 4 
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cated at the nacelle and the second one is 
located in the fuselage. Each of the two 
leads passes through one of the series coils 
of each relay. A fault of predetermined 
magnitude in either of the two cables will 
unbalance the magnetic circuit in one or 
both of the relays and cause its contacts to 
open. This will cause the control devices 
to isolate the fault and, at the same time, 
will disconnect the field of the generator 
supplying current to the fault. The trip- 
free controls can be reset at the option of 
the operator by opening and closing the 
generator switch. 


CURRENT BALANCE VERSUS REVERSE 
CURRENT CIRCUIT BREAKER 


Some degree of generator feeder protec- 
tion may be obtained by using a reverse 


Austin—Aircraft D-C Power Systems 


current circuit breaker adjacent to the 
main contactor. When a major generator 
feeder fault occurs while the main contac- 
tor is closed, the circuit breaker will trip on 
a very heavy reverse current entering .the 
feeder from the bus or the battery. This 
trip setting is normally about 50 per cent 
greater than the rating of the generator 
with a time delay, and instantaneous at 
currents 100 per cent above the trip set- 
ting. The high minimum trip current and 
the time delay feature are necessary to 
prevent false tripping during momentary 
reverse current conditions imposed by 
system voltage errors or by generator re- 


Figure 6. Schematic diagram showing the com- 
plete contro! and protection of a single air- 
craft d-c generator 
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Figure 7. Curves showing fault amperes in 
per cent of trip setting of the protective relays 
for a typical generator feeder 


Figure 8. Control panel including regulator 
plugged into shock mount 


covery characteristics following an exter- 
nal load circuit fault. As a consequence, 
it is quite possible to have a generator 
feeder fault of a magnitude that will open 
the contactor by reverse current action 
‘before the circuit breaker can trip. If 
this occurs, the generator field will not be 
opened and the generator will continue 
to feed the fault. A similar condition 
will exist if a fault occurs while the con- 
tactor is open, or if the generator builds 
up on a faulted generator feeder. 

The well-known current balance feeder 
protection is not subject to these errors. 
Because it is not responsive to normal load 
current, reverse current, or external fault 
conditions, it can be set to trip on faults 
considerably lower in magnitude than the 
current setting limitation of the reverse 
current circuit breaker. Most important, 
current balance protection operates with- 
out dependence on reverse current relay 
sequence, timing devices, or main con- 
tactor status. If the contactor is already 
open, the protective relay proceeds to 
open the generator field, and thus pre- 
vents feeding the fault. Manual reverse 
current circuit breakers are slightly less in 
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weight than current balance and double 
contactors having remote reset control. 


DousBLE BREAK IN GENERATOR Bus 
FEEDER 


A single main contactor for connecting 
the generator to the bus or battery has 
been used extensively. There are im- 
portant reasons for using two identical 
contactors in series with their operating 
coils in parallel. Because of slight manu- 
facturing differences in magnetic circuits, 
springs, and mechanical parts they never 
may open and close at the same instant. 
One of them normally will operate, leav- 
ing the other as a backup unit 

The backup contactor will be available 


for instantaneous operation if the other 
unit fails to open. Frozen contacts may 
not cause trouble during flight, but after 
landing and shutdown of engines the 
pilot may fail to open the battery switch. 
In such a case the frozen single contactor 
will cause complete discharge of the bat- 
tery. This might not damage the genera- 
tor; however, if an airport power supply 
is plugged in, the generator is certain to 
burn out. 

Contactors having new features which 
reduce the chances of freezing are in use. 
They have high pressure at the contacts, 
inertia backup during closing, and a very 
low voltage drop-out. With such con- 
tactors, danger of freezing of contacts is 
slight and, for all practical purposes, the 


Figure 10. 

panel shock mount 

showing clamp and 
receptacle 


Control 
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use of double contactors will elimina 
these risks to the electric power syste: 


BALLast EQUALIZER CONNECTIONS 


A system with two or more generat 
requires provisions for satisfactory 
lel operation. The only methods now in 
use consists of coil windings in each regu- 
lator, operated from the drop across an 
external resistor in series with the gen- 
erator or indirectly from a series winding 
inside the generator. The series resistor 


usually provides one-half of a volt drop at 
full load current and has been used exten- 
sively for military aircraft. Paralleling 
has been moderately satisfactory. How- 
ever, paralleling for commercial trans- 


Figure 9. Control panel shown in Figure 8 
being removed as a single unit from the shock 
mount 


Note separation of plug and receptacle 


ports should be good enough to prevent 
the overloading of one or more generators 
in flight or ground operations. Stand-by 
loads for 2-engine airplanes require rea- 
sonably accurate paralleling because this 
operating condition is likely to heat the 
generators more than any other phase of 
operation as a result of limited generator 
cooling air. Four-engine airplanes re- 
quire paralleling to be reasonably accu- 
rate for all operating conditions because 
three generators must run at full output 
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4 Commercial transports are subject to 
e : : 

delayed ground operations at many air- 
ports. The equal loading of each gen- 
erator under these conditions is impor- 


tant. Increased equalizer voltage in- 
"creases the sensitivity of the regulator to 
unbalanced current conditions and pro- 
_ vides much better parallel operation. Full 
-yoltage is being taken from across the 
series winding of the generator and is 
approximately 1!/, volts. 
Increased equalizer voltage also results 
in a lower system voltage when the speed 
of one or more generators is lowered to the 
idling value. This is an unfavorable con- 
' dition, and it is corrected to some extent 
‘by a nonlinear ballast in the equalizer 
circuit, which limits the equalizer current 
under wide generator speed differences. 
An equalizer disconnecting relay is also 
provided which opens the equalizer con- 
mection between regulators when fault 


“ty yy of ea 
‘protective devices operate or 
' generator switch is opened. This then 


: ) = et ¥ . AY ify 


~ 


when the 


permits all other generators to operate at 
normal voltage when any one or more 


' generators are cut out as a result of faults 


or shutdown. The relay is a simple volt- 
age operated 2-position type. 


GENERATOR THERMAL INDICATION 


Overheating of the generators may be 
caused by overloading or insufficient ven- 
tilation at normal loads. Insufficient 
ventilation usually occurs under stand-by 
conditions. Analysis has shown that the 
only satisfactory device for indicating 
overheating of the generators is a thermal 
indicator sensitive to temperature and 
independent of current or load. The 
generator is not disconnected from the 
system when overheating is indicated, as 
modern insulation permits the generator 
to operate until the nonessential loads can 
be removed and the cause investigated at 
the next landing. 


STABILIZED VOLTAGE REGULATORS 


This type of regulator consists of a 
stack of carbon and graphite disks con- 
tained in a heat-radiating cylinder and a 
solenoid, or regulating coil, matched over 
a wide range to a spring which is arranged 
to apply varying pressure on the carbon 
pile in accordance with the voltage in the 
generator circuit. The carbon pile is con- 
nected in series with the generator field 
circuit so that the resistance variation 
through the carbon pile causes variations 
in the generator field current, thus obtain- 
ing constant generator voltage regardless 
of connected load or speed. The stability 
of the regulator is achieved by a damper 


Figure 12. A 300-ampere 30-volt wide speed 
generator showing internal arrangements 
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mechanism employing both air and spring 

damping. Tests have demonstrated 

stable operation throughout the life of the 

regulator. 

CONTROL APPARATUS ASSEMBLY AND 
LocaTIONS 


For elementary systems used on mili- 
tary aircraft and some commercial trans- 
ports, the regulator is usually mounted in 
the fuselage, and the differential relay and 
ground resistor mounted in the engine 
nacelle. This is a reasonably satisfactory 


arrangement for this type of apparatus. 


Systems provided with protective de- 
vices as described in this paper are de- 
signed with considerable flexibility as to 
the assembly of each unit and the mount- 
ing locations. Regulators and relays are 
preferably assembled on a plug-in base 
similar to the plug arrangements used 
with radio panels and racks. With this 
arrangement the major control units can 
be replaced in a few seconds. The as- 
sembly of the fault protection relays and 
the contactors are generally in single units 
and are located to the best advantage in 
the particular airplane being constructed. 


Conclusions 


Many of the simple principles used in 
the aircraft d-c power and protective sys- 


‘tems are those used extensively in land 


power systems where continuity of service 
is of first degree importance. 

Cable, generator, overvoltage, frozen 
contactor, and generator overheating 
faults are isolated or indicated during all 
operating conditions. Otherwise the 
system functions normally and fully auto- 
matically to connect and disconnect the 
generators from the battery bus as re- 
quired. Satisfactory operation under con- 
ditions of humidity, sand, dust, vibration, 
altitude, explosive gas fumes, and ac- 
celeration normal to aircraft has been 
achieved by designing with these extreme 
conditions in mind. 

Means for quick removal and replace- 
ment of the complete control panel by 
using standard radio plugs and receptacles 
provides the ultimate ease in maintenance 
and involves no compromises with per- 
formance. Contactors for any given 
power system are designed and applied so 
that they will interrupt successfully with- 
out undue stress any top current value 
that can be obtained on the system at the 
point where the contactor is located. 
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Protection of Powerhouse Auxiliaries 


AN AIEE COMMITTEE REPORT 


HE AIEE relay subcommittee has re- 

viewed the protection of generating 
stationauxiliary power motors and supply 
systems. The study was made to obtain 
information on auxiliary power systems 
now in use and the protective methods 
being applied, and to make recommenda- 
tions on preferred practices. 

In order to obtain basic information, a 
questionnaire was sent to approximately 
30 engineers interested in this subject. 
These questionnaires covered data on the 
supply systems used, various forms of 
protection applied, and a summary of the 
experience obtained with these systems. 
Answers to the questionnaire were re- 
ceived from various representative com- 
panies covering both steam and hydro 
stations and a wide range in station sizes. 
The answers submitted represented the 
modern practice of each company. This 
subject also was discussed in a conference 
session held during the 1946 winter con- 
vention. 


Summary of Information Received 


Following is a brief summary of the in- 
formation received on the various points 
covered by the questionnaire. 


SUPPLY SYSTEMS USED 


In most cases, transformers are being 
used for auxiliary power supply. Values 
of 2,300 and 440 are the principal voltages 
used, with motors higher than approxi- 
mately 100 horsepower being supplied by 
the higher voltage system. In most cases 
the systems operate ungrounded, al- 
though some companies prefer to operate 
grounded, either solidly or through im- 
pedance. 


Paper 46-169, recommended by the AIEE com- 
mittee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 24— 
28, 1946, Manuscript submitted April 19, 1946; 
made available for printing May 29, 1946. 


This report was prepared by a working group on 
powerhouse auxiliaries of the relay subcommittee, 
AIEE committee on protective devices, consisting 
of E. L. Micnerson (M ’44, sponsor), senior 
engineer, Commonwealth Edison Company, Chi- 
cago, Ill.; A. H. BuRKHALTER (M °41), electrical 
engineer, design and construction department, 
Ebasco Services, Inc., New York, N. Y.; R. E. 
Corpray (M ’43), in charge of relay engineering, 
General Electric Company, Philadelphia, Pa.; E. 
H, KLeMMer (A ’42), switchgear engineer, Westing- 
house Electric Corporation, East Pittsburgh, Pa.; 
W. E. Marrer (A ’40), assistant relay protection 
engineer, Duquesne Light Company, Pittsburgh, 
Pa.; C. L. Smita (A ’28), relay engineer, electric 
distribution department, Rochester Gas and Elec- 
tric Corporation, Rochester, N. Y. 
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The protection of the auxiliary power 
transformers includes, in most cases, dif- 


ferential relays with time delay overcur- 


rent protection for backup purposes. In 
many installations there are two sources of 
primary supply with an automatic throw- 
over arrangement, initiated by under- 
voltage relays, which connects the reserve 
supply if the primary source is lost. 

On busses supplied by auxiliary gen- 
erators, the problem of bus protection is 
complicated by the decrement in fault 
current supplied by the generator. The 
decrement causes a rapid reduction of 
fault current to a point approaching nor- 
mal load current, so that it is difficult to 
obtain bus protection with time delay 
overcurrent relays. In such cases dif- 
ferential or fault bus relays provide the 
most desirable method for bus protection. 


Motor PROTECTION 


In the majority of cases, the 2,300-volt 
motors are protected by long-time-delay 
overload relays set at 125 to 150 per cent 
of full load current and instantaneous 
overcurrent relays on the cable leads 
which are set above the starting inrush 
current. The smaller motors are in 
general protected by thermal tripping 
elements for overload, and an instan- 
taneous trip device for short circuits. 

There is some variation in the treat- 
ment of essential and nonessential motors. 
In most cases, the essential and non- 
essential motors are protected by similar 
relays. However, in a few cases the cir- 
cuit breakers feeding essential motors are 
not tripped by the time delay overload re- 
lays. These relays give an alarm only in 
the event of an overload condition. 

Essential motors are defined as those 
motors whose failure results in the shut- 
down of generating capacity. Examples 
of this class of motors include the circu- 
lating pump, boiler feed pump, and in- 
duced and forced draft fans. 


OTHER FORMS OF PROTECTION 


In most ‘cases where the systems are 
operated ungrounded, ground detectors 
are available for detecting grounds. 

In powdered fuel plants, it is necessary 
to interlock the sequence of starting and 
stopping certain motors. For example, 
the induced draft fan is started first, and 
is followed in sequence by the forced draft 
fan, the exhauster, the pulverizer, and the 
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feeder. If any piece of equipment in th 
series is stopped, provision is made 

stop automatically all of the motors ahea 
of it. 


EXPERIENCE AND GENERAL CONCLUSI 


The answers received indicated that 
a whole the protective schemes now in us 
are satisfactory. The only indication oi 
unsatisfactory performance has been with 
the thermal relays used on the s 
motors. Various types of troubles have 
been reported, such as lack of thermal 
capacity to withstand fault currents, and 
lack of sensitivity. One company uses 
oversize thermal elements to avoid diffi- 
culties which have been experienced with 
the sizes recommended by manufacturers. 

In general, the importance of auxiliary 
power in generating stations is so funda- 
mental that simple and rugged relaying 
schemes are to be desired. In almost 
every case the auxiliary power supply is 
the last element of the system which 
should be shut down, and therefore the 
relaying systems used should be as free 
from trouble as possible. 


Recommended Preferred Practices 


SUPPLY SYSTEMS 


For ungrounded systems or grounded 
systems where the ground fault current is 
limited to a few amperes, ground detector 
relays should be used. 

For systems grounded solidly or 
through low impedance, residual current 
relays should be used on individual cir- 
cuits. 

Transformers supplying essential awxili- 
ary power busses should be protected with 
differential relays, and time delay over- 
current relays should be used for backup 
protection. 

Bus protection should be provided by 
overcurrent, differential, or fault bus re- 
lays. Overcurrent relays on auxiliary 
generators should not be relied upon fo! 
bus protection. 


MOorToR PROTECTION 


The 2,300-volt motors should use long: 
time-delay phase overcurrent relays foi 
overload and internal motor faults set ai 
approximately 150 per cent of rated cur. 
rent. They also should be equipped witt 
instantaneous overcurrent relays fo: 
short-circuit protection set above maxi 
mum inrush current. 

On essential motors the time-delay 
overload relays may be used for alarn 
purposes only, and the instantaneous re 
lays used to trip. In this case, the time 
delay relays can be set more sensitivel: 
than 150 per cent of rated current. 
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olts) should use thermal device for over- 
load protection, and an instantaneous 
device for short-circuit protection. 
_ The thermal device may be built into 
he contactor supplying the individual 
lotor, and one circuit breaker may pro- 
vide short-circuit protection for a group 
of motors. 
On essential motors the thermal ae 
ment may be used for alarm purposes 
mily. 


Answers to Questionnaires 


_ Following in a summarized form are 
the individual answers received. 
Company NUMBER 1 

_ Supply System Used. This company 
uses transformers for supplying power to 
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HIGH VOLTAGE BUS 


NORMALLY 
OPEN 


440V : 


The supply system used by com- 
pany number 2 


Figure 1. 


Differential and overcurrent protection on 
auxiliary transformer. Differential closes bus 
tie when transformer breaker trips 


2,300- and 440-volt busses. The trans- 
formers are operated ungrounded. 

The transformers are protected by over- 
all differential relays with time delay 
overcurrent protection on the low voltage 
output and time delay phase and instan- 
taneous ground protection on the primary. 


Motor Protection. Motors of 75 
horsepower and higher use 2,300 volts. 
These motors have long-time-delay induc- 
tion overload relays set at about 150 per 
cent of full load. Instantaneous relays 
also are used and are set to exceed slightly 
the maximum starting inrush current. 

_ The 440-volt motors all are protected 
by circuit breakers with thermal tripping 
elements. 


Other Forms of Protection. Static 
type ground detectors or lamps are used 
to detect grounded circuits, which are 
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Low voltage motors (208, 440, 550 


i ! . - ; 
-located by opening the circuits in turn. 


_ Most essential auxiliaries are equipped 


_ with dual drive. 


Both 2,300- and 440-volt busses are 
arranged for automatic throwover to ad- 
jacent sections in case of loss of potential, 
although the throwover will not function 
in case of a fault on the bus. Throwover 
is initiated when the voltage drops to 
about 65 per cent. 


Experience. As a whole the protec- 
tion has been satisfactory. 


General Conclusions. It is felt that 
the ideal type of auxiliary power motor 
protection would consist of an instan- 
taneous relay sensitive to all motor faults 
but insensitive to overloads, plus an over- 
load relay with good correlation between 
its operating characteristic and motor 
temperatures. 
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2300 V 


ComMPpaNy NUMBER 2 


Supply System Used. The supply sys- 
tem used is illustrated in Figure 1. 


Motor Protection. Motors 75 to 100 
horsepower are supplied at 2,300 volts. 
On 2,300-volt essential motors, the pro- 
tection consists of instantaneous over- 
current plunger relays for short-circuit 
protection. Thermal relays give visual 
indication only. On nonessential motors, 
the protection consists of 40-second over- 
current induction relays with instan- 
taneous attachments. 

On 440-volt essential motors, the pro- 
tection consists of small instantaneous air 
circuit breakers. Thermal elements of 
motor contactors only light lamps. The 
nonessential 440-volt motors have the 
same protection except that the thermal 
elements trip the motors. 


Other Forms of Protection. Ground 
detector relays are used on the 2,300-volt 
system and lamps on the 440-volt system. 

An interlocking system between motors 
is used on the boiler auxiliaries to protect 
the boiler against motor failures. 
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HIGH VOLTAGE BUS 


Experience. The reliability of 
modern motors justifies a minimum of 


protection and maximum freedom from 


undesired tripping. 


Relays for 2,300-volt trees are 


satisfactory, but contactor elements, 
small air circuit breakers, and so forth, for 
440-volt service are not sufficiently reli- 
able. 

Many applications require “‘latched-in’’ 
contactors to prevent disconnection on 
voltage surges. 


CoMPANY NUMBER 3 
Supply System Used. The supply 
system used is illustrated in Figure 2. 


Motor Protection. Motors up to 125 


horsepower are connected to the 440-volt — 


bus. 
All 2,300-volt motors are protected by 


Figure 2. The supply system used by com- 
pany number 3 


Undervoltage relays throwover to reserve 
transformer 


differential relays using instantaneous 
overcurrent relays set for approximately 
50 per cent of full load current. 

On the 440-volt system, feeders from 
the main bus are used to supply subbusses 
throughout the plant. These feeders use 
circuit breakers with a series trip set for 
200 to 400 per cent of the rating of the 
breaker. These breakers protect against 
faults on the subbusses and heavy faults 
on the feeders to the 440-volt motors. 
Each motor is protected individually by a 
contactor with a thermal relay set for 30 
seconds at 150 per cent load. 


Other Forms of Protection. Lamps 
are used for ground detecting system. 
Grounds are removed by disconnecting 
portions of the system until the ground is 
located. The location of grounds is de- 
layed until it is convenient to take equip- 
ment out of service. 
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Figure 3. 
r pany number 5. 


Experience. High speed clearing of 
faults has resulted in very satisfactory 
operating conditions and has proved 


advantageous in limiting the extent of 
_ damage caused by motor faults. 


Lack of thermal overcurrent protection 
on 2,300-volt motors has resulted in some 
difficulty with detecting cases of overload 
on mill motors. 

Operation of thermal elements on 440- 
volt motors has been satisfactory. 


General Conclusions. While differen- 
tial protection on 2,300-volt motors has 
proved to be advantageous, it is question- 
able whether their use is economically 
justifiable. Future installations will use 
overcurrent relays. 


Company NUMBER 4 


Supply System Used. The supply to 
auxiliary power is from transformers 
13.8/2.3 kv, delta-Y connected. The 
2.3-kv neutral is grounded solidly. 
Smaller motors are supplied from a 575- 
volt system, which in some cases is 
grounded and in other cases ungrounded. 
The transformers are protected by dif- 
ferential and induction type overcurrent 
relays. 


Motor Protection, Motors up to 100 
horsepower are supplied from the 575-volt 
system. 

Motors are protected by a 40-second 
induction-type relay with instantaneous 
attachment. The time delay element is 
set at approximately half way between 
the ordinates of the motor full load tem- 
perature curve and the curve representing 
motor thermal limitations. The instan- 
taneous trip is set just over ‘‘locked 
rotor’ current. In some instances, ther- 
mal relays are used which are set in the 
same manner as for the induction relays. 

No distinction is made between meth- 
ods employed for protection of essential 
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so forth, “s 
Ground lamps are used for sroune nes 


“ibd, regs at tectiod No grounds have developed to 
‘The supply system used by com- — ' 


oe - erie 
he pulverizer ae a 


_ Other ised ie Protection, 


reste: boiler feed mae : anya, oe 


date. 


Experience. Performances of pro- 
tective and control schemes have been ex- 
cellent. All thermal relays of a certain 
make have had to be dismantled and re- 


-assembled in our laboratory before being 


placed in service because of poor caved 
workmanship. 

Speeds of ‘clearing faults have been very 
satisfactory; all cable and motor fault 
currents have been of a magnitude high 
enough to operate the 1-cycle relays. 
Iron and winding damage has been negli- 
gible. 


General Conclusions. The simplicity 
of the 40-second induction overcurrent 
relays with instantaneous current trip 
features makes this scheme a slight 
favorite over the thermal combination for 
2.3-kvy motors. The manufacturer’s 
standard protection on 575-volt cubicle 
switchgear has been found satisfactory. 


CoMPANY NUMBER 5 


Supply System Used. The supply 
system used is illustrated in Figure 3. 


Motor Protection. All motors are 
supplied at 460 volts (5 to 500 horse- 
power). 

The 40-second induction overcurrent 
relays are used on almost all auxiliary 
motors. Current settings are from 125 to 


150 per cent of motor rating. Time set- 


tings are generally about one second 
minimum time, 

Instantaneous trips are used on all 
group breakers to clear any short circuit 
of sufficient magnitude to affect the opera- 
tion of other motors. 


Other Forms of Protection. Mill 
motors and exhauster fans are interlocked. 
Coal conveyer systems are all interlocked. 

A set of ground indicating lamps with 
series resistors is installed on each auxil- 
iary bus. Ground is established, for test, 
by a push button. This is a routine test 
performed by the operator on each shift. 


Protection of Powerhouse Auxiliaries 


exiles motors because wi 


are rare. 
Instantaneous phe se: wld 
vided for every group or feeder circu 
breaker which is connected to the 
auxiliary bus. ¢ 


a 
CoMPANY NUMBER 6 — 


Supply System Used. The supy ) 
system used is illustrated in Figure 4. 
A 440-volt system is used which is fe 
from either of the 2,300-volt busses. 


Motor Protection. On motors > 
from the 2,300-volt service, long ti 
overcurrent relays with instantaneou 
elements are used. Long time overc 
rent relays having a time delay up to 4 
seconds are used and can be set for 1 
to 125 per cent of full load current an 
with sufficient time delay to ride over th 
starting inrush. The instantaneous ele 
ments are set above starting inrush an 
furnish protection for faults on moto 
leads and circuit. 

The main 440-volt motors are equippe 
with individual circuit breakers with ther 


momagnetic overload protection. Thi 
3 


> 


HIGH VOLTAGE 


bade! lh 


Figure 4. The supply system used by con 
pany number 6 
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vent pataliclice of busses or to transfer 
after an overload relay operation. 

_ The 440-volt busses have automatic 
nsfer between transformers connected 
the two 2,300-volt bus sections and 


busses... , 
Experience. The protective schemes 
used have given very satisfactory service 


Table | 


3 Motor Mar Min 

Voltage Hp Hp Protected by 
vetoed 1,000... Bet ... Individual circuit 
Rast 250.... 50 breakers 
d ators & 50....1/2...... Magnetic contactors 


and no load curtailment or shut down has 
occurred because of station setvice fail- 
ures. The equipment described is new 
and few failures have occurred. 

_ General Conclusions. The long time 
overcurrent relays with instantaneous 
attachments seem to offer satisfactory 
protection for the 2,300-volt motors since 
they can be set low enough to prevent 
toasting of insulation on overload, and the 
instantaneous elements provide quick 
clearing for severe faults. 


’ Company NuMBER 7 


_- Supply System Used. The auxiliary 
power is supplied by transformers at 
2,300 and 550 volts. The supply busses 
“are operated ungrounded. 

Protection consists of differential re- 
lays on the transformer banks and time 
‘delay induction overcurrent relays on all 
“supply transformer circuit breakers. 


Motor Protection. Motors are sup- 
plied as indicated in Table I. 
_ Motors controlled by individual circuit 
breakers have 


‘1. Instantaneous overcurrent relays set 


¥ ‘slightly above motor starting current. 


(@). On 2,300-volt motors these are plunger type 
_ telays actuated from current transformers, 
1 


* @). On 550-volt motors these are built into breaker 

housing. 

2. Time delay overcurrent relays set to 

pick up at 125 per cent of motor rated cur- 
Tent and with sufficient time delay so as not 
to trip during motor starting. 
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Nd se 


have interlocks similar to the 2,300-volt 


‘ 


bi 5G), see 550-volt motors these are thermal devices 
: pa into ‘the breaker. ; 


3. Thermal ‘devices nite into, the motor ‘ 
structure. which open a contact when the 


motor temperature exceeds a safe value and 
sound an alarm. 


Motors controlled by magnetic con- 
tactors have 
1. Air circuit breaker for instantaneous 
short-circuit protection. 
2. Thermal overload built into the mag- 
netic contactor. 

All motors "controlled by circuit 
breakers are treated as the foregoing. 
1.° Essential motors controlled by mag- 


netic switches have thermal overload two 
sizes above that recommended for the size 


of motor involved. 


2. Nonessential motors controlled by mag- 
netic switches have thermal overload one 
size above that recommended for the size of 
motor involved. 


Other Forms of Protection. Analarm 
is provided on each ungrounded bus to in- 
form operator when a ground occurs. It 
consists of double-Y potential trans- 
formers with the neutral grounded on the 
high voltage side and overvoltage plunger 
type instantaneous relays connected from 
phase-to-neutral of the secondary wind- 
ing. When a ground occurs the two relays 
on the ungrounded phases pick up and 
sound an alarm, 


Experience. Fortunately the occur- 
rences of short circuits on the auxiliary 
power system have been few and far be- 
tween. In cases where short circuits have 
occurred, the instantaneous overcurrent 
relays in general have operated to clear 
the circuit with very little resulting dam- 
age to the equipment. Also, for overload 
conditions few cases have been experi- 
enced, for in general the size of motors 
chosen have had ample capacity to take 
care of the maximum mechanical load de- 
manded. In the few cases where over- 
load conditions occurred, the time delay 


TO 132 KV 


RESERVE 
BANK a 


Protection of Powerhouse Auxiliaries 


good job without serious damage to the 
motors. In case of the thermal devices 


the experience has not been quite as Zood 
but not serious enough to change the — 


scheme of protection, , —s are 


General Conclusions. The use of un- 


_ grounded auxiliary power system employ- _ 
_ ing a ground fault detecting system and > 
eliminating the ground immediately after 
it occurs reduces to a minimum the num-— 


ber of short circuits that occur on the 
system. Further, the use of instantane- 
ous overcurrent relays do a very satisfac- 


_ tory job when such short circuits do occur. 


In the use of instantaneous overcurrent 
relays, care should be taken that they are 


set at their minimum pickup value (that 
is just a little above the starting current) — 


and not the general value sometimes 
recommended of ten times the circuit 


breaker rating. Also, the employment of . 


induction overcurrent relays set at 125 
per cent of motor rated current appears to 
be more reliable than other forms of over- 
load protection. 


Company NUMBER 8 


Supply System Used. The supply 
system used is illustrated in Figure 5. 


Motor Protection. The 2,300-volt 
system supplies motors from 175 to 600 
horsepower, the 440-volt system 1/2 to 
200 horsepower. 

Motor protection consists of the follow- 
ing: 

1. On all 2.8-kv equipment—one over- 
current long-time relay with instantaneous 
attachments and two instantaneous over- 
current relays, two current transformers 
with an overcurrent relay connected in the 
residual circuit of the two current trans- 
formers. 

2. On all 440-volt equipment—air circuit 
breakers (deion) with time delay and in- 
stantaneous relays. 


Figure 5. The supply system used by com- 
pany number 8 


2300 V 
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8. Undervoltage type CV relays on 440- 
volt bus trips pulverizer mills. 


4. Most 440-volt motors have individual 
air circuit breakers with thermal trips. 


No preference is given between essential 
and nonessential circuits on relaying ere 
cedure. 

Automatic throwover of both 2.3-kv 
and 440-volt busses is provided. — 


Other Forms of Protection. Inter- 
locks are used on pulverizers and coal 
scales, also on forced draft and induced 
draft fans. 

Ground detectors are located on both 
2.3-kv and 440-volt busses. 


Experience. Present relays are very 
satisfactory. However, those originally 
installed (two overcurrent standard re- 


lays with instantaneous attachments). 


could not be set to co-ordinate properly 
with motor starting. Faults have been 
cleared very quickly and no extensive 
damage has resulted to motors or cables. 


General Conclusions. The afore-men- 
tioned scheme (one overcurrent and two 
instantaneous overcurrent relays) seems 
to us to be a very workable and efficient 
scheme, 


Company NUMBER 9 


Supply System Used. The supply 
system used is illustrated in Figure 6. 


Motor Protection. The 2,300-volt sys- 
tem supplies motors over 100 horsepower. 
All 2,300-volt motors have instantaneous 
overcurrent relays for short-circuit pro- 
tection. The essential motors have a 
long-time-delay relay for overload pro- 
tection which gives an alarm only. On 
nonessential motors the long-time-delay 
overload relay trips the motor. On the 
575-volt motors, there is an instantaneous 
trip for short-circuit protection and a 
thermal trip for overload. 

The instantaneous relays are set ap- 
proximately ten per cent above maximum 


750 TRANSACTIONS 


_ throwover to reserve 
ghee transformers 
a ; 


motor inrush current, that is, ten per 


cent above asymmetrical peak value oc- 
curring in the first half cycle. 


Other Forms of Protection. Boiler fan 
motors and mill motors are interlocked 
for sequence starting and stopping. 

Ground relays on 2,300-volt and 575- 
volt busses operate an annunciator. 
Grounds are removed by disconnecting 
one motor feeder at a time until the 
ground is located. 


Experience. Provision has been 
made to trip almost all of the motors im- 
mediately in case of a short circuit in the 
feeder or the motor. In faults of this 
nature the amount of damage is limited 
by the quick tripping. In a recent case 
of motor failure it was possible to remove 
the faulted coils from the circuit by using 
jumpers and keep the motor in service. 

Some difficulty is experienced in co- 
ordinating the instantaneous direct act- 
ing trips of the 575-volt circuit breakers. 
Where these breakers are cascaded a 
short circuit usually trips all of them in 
the cascade with loss of unfaulted motors 
or feeders. Dashpot devices have not 
proved satisfactory for this purpose. A 
simple device, such as an adjustable es- 
capement, on the instantaneous trips for 
a few cycles timing would be of material 
benefit in solving the problem. 


TO HIGH VOLTAGE SYSTEM 


Figure 7. The sup- 
ply system used by 
company number 10 
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_ breakers. 


ONLY ONE SWITCH CLOSED 


diet test is ppl te 


Motor Protection. — Al ot 
supplied at 550 volts. The m 
supplied through indivi idual 
Between each of t 
and the individual m 1e1 
magnetic switch starters with a 
thermal relay for overload pro 


_ Other Forms of Protection. 
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means of deteetane and removing gr 


Experience., No difficulty has 
experienced with any part of the ste 
service. é. 


Company NuMBER 11 (HyDROELETRIC) : 


Supply System Used. All auxili 
power motors are supplied at 550 volt: 
The supply is from transformers c 
are fed from house generators. Thes 
transformers are protected by overcurrer 
relays. The auxiliary power = 
system is grounded solidly. 


Motor Protection. All auxiliary e 
tor circuits are protected by overcurrer 
inverse time relays, plus overcurrent ir 
stantaneous elements at a higher settin; 


Other Forms of Protection. No othe 
forms of pfotection are used. 
Exterience. Experience in operatir 


for 13 years with this protection syste: 
has not shown any defects in the metho 
However, no essential auxiliary motors « 
circuits have developed a fault thus fa 
The crane motor-generator set and ty 
sump pumps are the only equipment to d 
velop any trouble, and the trouble was n 
extensive. A coil or two short-circuite 
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MPHE Towa-Illinois Gas and Electric 
B Company installed its first unit-type 
substations late in 1939. At the present 
t me, there are installed in the various op- 
erating districts of the company nine unit- 
e substations. We are outlining the 
ons for the choice of this type of sub- 
‘ation and the distribution system into 
ch the substations are being fitted. 
‘his paper will cover our operating exper- 
ience with six of this type of substation 
located in the quad-city area of Daven- 
ort, Iowa; Rock Island, Moline, and 
t Moline, Ill. The reasons given for 
the selection of this type of substation, 
the design of the distribution system 
served by the substation, and operating 
Xperience so far encountered are typical 
also of the other districts in which the ad- 
ditional three substations are located. 

: “The quad-city area comprising the cit- 
ies outlined above occupies two states, 
lowa and Illinois. The division between 

states and cities is made by the Mississippi 

River. Davenport, Iowa, and its suburban 

towns, occupying the north bank of the 

Mississippi River and located in the State 

of Iowa, comprise a total population of 


Paper 46-176, recommended by the AIEE commit- 
tee on power transmission and distribution for pre- 
‘sentation at the AIEE summer convention, Detroit, 
Mich., June 24-28, 1946. Manuscript submitted 
April 26, 1946; made available for printing May 
20, 1946. 


E. eS aides and R. B. MILuer are both engineers 
with Towa-Illinois Gas and Electric Company, Rock 
Island, I11. 
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approximately 90,000. The cities of 
Rock Island, Moline, and East Moline, 
Ill., with their attendant suburbs located 
on the south bank of the Mississippi River, 
comprise a total population of approxi- 
mately 114,000. 

Because of the advantages offered by the 
Mississippi River, the bulk of industry is 
concentrated along the river banks. The 
cities of course started their growth on the 
banks of the river and have expanded out- 
ward. Greatest load concentrations are 
along both banks of the river with the 
residentialload being located in an approxi- 
mate semicircular area around the outside 
of the industrial area. Original substa- 
tions are located close to the river in the 
heavy industrial and commercial areas. 

Polyphase alternating current was in- 
troduced into the quad-city area in 1888, 
six years after the first electric service was 
installed. This early a-c system was 2- 
phase, and, as a result, all growth on the 
quad-city system for many years was 2- 
phase. This 2-phase service was utilized 
in two ways. 


1. The 2-phase 4,800-volt primary circuits 
were used to supply industrial customers. 


2. The 2-phase 2,400-volt circuits were 
used to supply lighting customers. 


The 2,400-volt system was utilized 
throughout much of the residential area as 
single phase primaries. The distribution 
system remained single phase 2,400-volt 


and 2-phase 4,800-volt until late in 1939. 
In the meantime, a backbone transmission 


and subtransmission system of 69-kv and — 
'.13.8-kv 3-phase circuits was built which 


served the complete quad-city area. 
The later load growth has tended to be 


away from the river to keep pace with the 


expanding residential areas and some 
smaller outlying industrial areas. Because 
of growth of the communities, the load 
center of residential load kept shifting out 
away from the river and the original man- 
ually attended substation locations. This 
change in load center was followed by 
lengthening of the distribution lines until 
the long lines introduced poor regulation 
despite the use of induction feeder voltage 
regulators. Interruptions of service on 
these long feeders involved a large number 
of customers, As the areas grew, a number 
of small outlying commercial areas devel- 
oped in which only single phase service 
was available. This offered many disad- 


vantages to the merchants located in these - 


areas as much of the equipment which 
they purchased normally came equipped 
with 3-phase motors. 

The requests for polyphase service were 
each of relatively small electrical demand 
and scattered over fairly large areas. As 
a result, it was uneconomical to construct 
long polyphase feeders from the existing 
substation locations to serve the widely 
diversified loads of small magnitudes. The 
many requests for polyphase service re- 
ceived from the outlying areas required 
that consideration be given to the estab- 
lishment of polyphase primaries in these 
localities. The location of the existing 
substations and number of circuits already 
leaving those stations made it difficult to 
get out additional circuits without going 
considerable distances underground, 
thereby raising the cost of each of the out- 
going circuits which would be required. 


in the sump pumps which caused tripping 
by the overload protection during run- 
Ming, and clearing took place quickly 
enough to prevent any spreading of the 
fault. The crane motor-generator set 
became defective because of broken coil 
leads caused by insufficient bracing to 
withstand line start operation. The 
overload relays occasionally would trip 
out during the starting period for some 
time before the condition developed in 
enough bars to prevent satisfactory 
operation. No burning or spreading of 
the damage resulted, and it was difficult 
to locate the flaws which had occurred in 
the winding. 

It should be remembered that in line 
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start operation of motors the overload 
relay moves toward closing its contacts 
every time the motor is started, and the 
timing preferably is adjusted originally 
by trial to be just great enough so that 
tripping is not completed. The timing 
thus determined experimentally, while 
the desired pickup value for the relay 
is not changed, then is applied to all 
other similar circuits. 

The frequent movement of the moving 
element of the relay, during each start- 
ing period, is felt to be an advantage in 
preventing any tendency to stickiness 
and insuring that the relays remain in 
operating condition. After the original 
calibration and conditioning following 
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installation, recalibration checks are re- 
quired infrequently since operating con- 
ditions can be proved roughly by simply 
observing the amount of contact travel 
during the starting up of equipment. 
Actually, subsequent checks have never 
shown an appreciable divergence from 
the original values. 


General Conclusions. The conclu- 
sions reached are not new and only agree 
with the general idea of providing instan- 
taneous tripping devices to operate on 
fault currents plus low-pickup-value in- 
verse-time relays for satisfactory clearing 
of prolonged overloads or low current in- 
ternal winding faults. 
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Figure 3. Typical voltage charts taken from 
secondary circuit approximately three spans 
from transformer 


Transformers are located approximately one 
mile from the unit substation at center of 4-kv 
tie 


Increased loads on existing substations 
required that additional larger capacity 
supply lines be constructed to those sub- 
stations. The increased line capacity sup- 
plied through the larger number of step- 
down transformers raised the short-circuit 
duty on all existing station equipment. 


As a result much of the present station * 


equipment became inadequate in inter- 
rupting capacity and thermal capacity. 
In addition, the fact that much of the 
existing station equipment was 2-phase 
also made it obsolete. 

In 1939 it was decided to modernize the 
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distribution system. After careful study 
of various types of distribution systems, it 
was decided that 4-kv primary networks 
would be instituted independently for the 
communities on each side of the Missis- 
sippi River. Because of the width of the 
river, it was deemed not advisable to join 
the 4-kv networks on opposite sides of the 
river. Involved in the study of the type 
of distribution system to be constructed 
was the matter of the type of substation 
to be utilized with the distribution system. 
After considerable study it was decided to 
use factory-built unit-type outdoor sub- 
stations, these substations to be supplied 
from the 13-kv system and to be 3-phase 
4-kv on the output side. 

The majority of these substations will 
serve the residential areas, outlying com- 
mercial and small industrial areas. In 
general, no industrial customers will be 
served whose original demand exceeds 300 
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ments, and necessary ae 
ments for metering equipme 


with overcurrent relays having insta: 
ous attachments. Three shot reclo 

used on each feeder, automati 
being set for 15, 30, and 45 se 
lockout on the fourth outage. — 
stations are equipped with air cir 
breakers, the original two substa' 
being equipped with stationary br 
and group operated disconnecting switche 
The four later substations are equipy 
with drawout circuit breakers. The trai 
former secondary breaker, in addition ‘ 
being equipped with overcurrent relayit 
for bus fault protection and transform 
failure protéction, is also equipped wit 
network and phasing relays which will co 
nect the 4-kv bus to the transformer ar 


Ie to the 13-kv circuit any time voltage | 
" proper magnitude and proper phase que 


ity is applied to the 13-kv circuit. Indivi 
ual breakers~are rated as 600 ampere 
7.5 kv with an interrupting rating © 
150,000 kva. 

Originally, two substations were pu 
chased in 1939, one of which had a cab 
entrance on the 13-kv side, the other ha’ 
ing an overhead entrance through cov 
bushings with lightning arresters mount 
directly ont he transformer cover. Expet 
ence with bushing flashover on this su 
station within the first month after it w 
placed in service caused a decision to | 
reached that all future substations wou 
have 13-kv cable entrance. No switchi1 
equipment is provided on the 13-kv si 
except a pole-top switch on one of the la 
poles before the 13-kv circuit goes unde 
ground. 

The accompanying diagram, Figure 
shows substation locations and indicat 
the portions of the primary network whi 
so far have been tied together. The ur 
substations are supplied either by a radi 
13-kvy feeder from one of the attended su 
stations or generating stations, or from 
tap onto an existing 13-kv tie line. T 
13-kv tie lines make up a part of the ne 
work of that voltage embracing the gen 
ating stations and all attended substatio 
of the quad-city area. Only one unit su 
station is connected onto either a tie li 
or a radial feeder. The secondary side 
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Fons in ee aan ‘Radial load in 
area. through which each 4-kv tie line 


lential as well as the small commercial and 
all industrial load which already have 
been mentioned. ; 
Actual construction of the primary net- 
york was delayed by the war. In addition 
9 the substations now in service, one 
her substation has been on order since 
ay 1945, and wecontemplatetheinstalla- 
m of six additional unit-type substa- 
ms in the next 5-year period. The ac- 
mpanying diagram, Figure 2, shows the 
timate network as planned with the fu- 
ture substations shown dotted. Substa- 
tions are located in the small commercial 
reas adjoining residential districts. Where 
possible under zoning ordinances, substa- 
4 tions will be located in the residential area. 
All 4-kv feeders are taken out under- 
ground, the actual underground distance 
being determined by the varying condi- 
ons at each substation site. The 4-kv 
fie circuits between unit substations are 
constructed as follows: outgoing riser 
cables with a 300,000-circular-mil single 
conductor and either paper-insulated lead- 
covered, or rubber-insulated with a Neo- 
‘ Pp rene jacket. Where paper-insulated lead- 
covered cables are used. and the neutral 
z onductor is pulled in the same duct with 
‘the phase conductors, insulated wire is 
‘used. Generally, this has been a copper 
‘conductor of 4/0 size with a single layer of 
paper insulation and a lead sheath, al- 
‘though we have used some rubber-insu- 
ted braid-covered wire when wartime 
estrictions prohibited the use of lead on 
conductors insulated for less than 2,500 
Brcts The overhead conductors consist of 
ere 4/0 phase conductors and a 1/0 neu- 
=. The neutral wire is marked by means 
“of white porcelain insulators and the 
3 hase conductors are always placed in se- 
"quence with the neutral asa marker. Con- 
struction, in general, is made to conform 
with the surrounding neighborhood. In 
“some cases underground feeders have been 
‘run as far as two city blocks before rising 
to meet the overhead system. 
4 Spacing of unit-type substations is de- 
‘termined by load in areas to be served, 
Jength of tie lines to other unit substa- 
‘tions, planned future additions to the net- 
work, and by regulation based on the fact 
that bus regulation is used. Because the 
“bus is regulated instead of the individual 
feeders, we have determined that no ties 
between stations will be over 21/2 miles 
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ses is balanced on the three phases of 
tie line. This includes both the resi- 


a In general, ei neratiogt'a are spaced 


from 2 to 2/4 miles apart, and voltage 


regulation has been very satisfactory as 


shown by the accompanying charts, Fig- 


lite 35h odes 
Maintenance on the substations has 


been very slight. A regular weekly visit is 


made to each substation at which time all 
equipment is inspected, dust and dirt are 


removed by means of an electric vacuum > 


cleaner and blower combination, records 
are made of kilowatt-hours and demand, 
and readings of the various operation 
counters are noted. A weekly inspection 
report is made out on each substation cov- 
ering the various data taken, and space is 
provided for notes covering unusual main- 
tenance, record of relay operations as in- 


dicated by targets and other matters of in- ’ (7 


terest. A single spare circuit breaker is 
on hand which can be used to replace any a 

of the existing breakers which require — + 
maintenance. For the circuits which are ~~ 
supplied from both ends, such as ties be- _ + 


tween substations, it is a simple matter to 
change circuit breakers without having 
interruption of service. For circuits = 8 ~ 
which are strictly radial feeders, a time is _ 
chosen to interrupt service while the br” aa 
breaker is being changed which will cause 
the least inconvenience to the customer in- 
volved. In the six years of operation with | 
these substations, only two minor cases of 
repairs in circuit breakers have been nec- 


essary. : ’ 3 


ry . 


We believe that the primary ret wories See 


Figure 4. A 3,000/3,900-kva unit substation located in the same lot with a 1,500-kva sub- . 
station of the open conventional design 


The 1,500-kva open type substation was later removed and the material used at other locations 


Figure 5. Close-up view of one of the standard 3,000/3,900-kva unit substations 


Miller, Miller—Unit-Type Substations 


TRANSACTIONS 755 


and the use of unit substations have a 
‘ number of advantages over the radial type 
of system. The location of the substation 
close to the load center keeps losses to a low 
value and provides for better regulation. 
The bulk of the energy is supplied at the 
subtransmission voltage which insures bet- 
ter system regulation and a more eco- 
nomica! source of energy. The 3-phase low 


voltage lines provide better regulation 
with lower losses. The use of 3-phase tie 
circuits makes it easy to supply polyphase 
service to small commercial areas and out- 
lying industrial locations. Spare trans- 
former capacity is not required as in the 
conventional radial system. Voltage 
charts taken on the substation busses and 
on the customers’ premises indicate that 
for the most part a smaller variation in 
voltage is maintained than where induc- 
tion voltage regulators are used on radial- 
type feeder circuits. This of course ac- 
counts for better operation of appliances, 
particularly fluorescent lighting units, 
greater customer satisfaction, and in- 
creased revenue. Continuity of service 
through the use of primary network is 
excellent. The absence of induction feeder 
voltage regulators lowers maintenance 
costs as well as first costs, and operating 
and maintenance costs have been much 
lower than they are for the identical radial 
system. 

We have found that a standard design 
of unit substation can be utilized to work 
out in the quad-city area as well as in the 
smaller outlying districts which incorpo- 
rate a 3,000/3,900-kva transformer with 
one transformer secondary breaker and 
four feeder breakers. This size of trans- 
former was chosen on the basis of cost per 
kilovolt-ampere and load density which 
we encounter in the area served, coupled 
with a reasonable distance between sub- 
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stations. Air blast equipment is supplied 
on the transformers when they are pur- 
chased and they provide an economical re- 
serve capacity which is required occa- 
sionally in the event of other substations 
in the network being out of service at 
times of peak load. 

In addition to the relays and other con- 
trol equipment already mentioned as being 


Figure 6. View of substation with air circuit 
breaker in drawn out position 


Figure 7. View of one of the units set in 
edge of residential area, showing landscaping 
used 


standard with the substation used, we use 
arecording wattmeter, a recording varme- 
ter, three recording ammeters, and a re- 
cording voltmeter of the strip chart variety 
to give us a continuous record of those 


quantities. These instruments are all con- 
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nected into the leads of the transf 
secondary so.that the quantities meas 
pertain to the substation as a whole. . 
voltmeter switch is used to get a reco. 
of individual phase to ground voltages. 1 
1-week record per phase to ground quan. 
tity is normally obtained. No indicating 
or recording instruments are provided on 
the individual feeders. Test blocks are 
provided, however, on the control panel for 
each feeder to permit easy installation of 
portable recording instruments where 
checks need to be made for magnitude and 
division of load on each circuit. 

Provisions for future expansion are ex- 
cellent. It is possible to add additional 
unit substations at any time at the points 
of maximum load growth and it is also pos- 
sible to move a substation in its entirety if 
load shifts dictate, thereby salvaging the 
bulk of the investment in a substation, in- 
stallation. System planning through the 
use of a-c network calculators has per- 
mitted the selection of the most economi- 
cal size of unit-type substation, the most 
economical number of circuits, proper load- 
ing of the various substations, proper con- 
trol of regulation for the complete dis- 
tribution system through the use of bus 
regulated substations, and adequate pro- 
vision for future growth. 

Frequent use is made of the a-c network 
calculator to keep ahead of network 
growth, to anticipate the requirements for 
additional substations, and to check the 
operation of the existing network. In this 


way we are able to check substation loca- 
tions with respect to load growth and to an- 
ticipate well in advance the locationswhere 
future substations must pe installed, and 
to plan network changes and additions tc 
meet system requirements in the best way. 
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set forth the broad phases of the problems 
involved in establishing a telephone and 
telegraph landline system in a military 
heater of operations, the manner in which 
these problems were met, and the results 


‘Operations. The aspects reviewed are those 
volving the unification of the theater-wide 
ire facilities into a single system including 


military installations, with centralized su- 
pervisory control of the available resources. 


system handied thousands of telephone 
calls and thousands of telegraph mes- 
sages daily, over many hundreds of miles 


° ° 
Pang at tree, goth te ae 
oe 
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volving distances, in some cases, greater 
4 ‘than the distance between New York and 
Chicago. To provide an adequate system 
_ of communications for the Armed Forces 
in the field requires the fullest exploita- 
tion of the available communications re- 


if satisfactory service is to be furnished 
‘with maximum economy in the employ- 
ment of these resources. The system 


: line network and radio and submarine 
cable circuits operated as links in the land- 
line network, both telephone and tele- 
Se eee 


_ Paper 46-161, recommended by the AIEE commit- 
tee on communication for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28 
1946, Manuscript submitted April 22, 1946; 
made available for printing May 27, 1946, 
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opsis: It is the purpose of this paper to 


- sources, both personnel and equipment, . 


communications problem involves a land-. 


Communications | 


\ 


graph. To accomplish the mission of pro- 
viding these communications, it is essen- 
tial that an appreciation of the system 
philosophy be acquired by all concerned 
with the planning, engineering, installa- 
tion, and operation of these facilities. 

It might be worth while to consider for 
the moment the basic nature of the com- 
munication service required by the Armed 
Forces in areas in which extensive land 
and land-based air operations are carried 
out. In smaller units, perhaps up to and 
including division level in the ground 
forces, the primary purpose of commu- 
nications is for fire control. That is to 
say, communications are required between 
commands posts, forward observers, ob- 
servation posts, gun and infantry posi- 
tions, and armored elements, to bring fire 


teee, 
: . 
esoe” 
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SCALE IN MILES 


Map showing main landline routes 
in French North Africa 


Figure 1. 


Approximate route distances, miles: 


Alghersratiercjeg 1 oes + vane » 340 
Algiers-Casablanca..........--- 890 
Algiers-Constanting........... 320 
Algiers-Bizerte........-5+--0+- 580 
Casablanca—Marrakech........-- 150 
Casablanca—Bizerte..........--- 1,470 


power to bear on the enemy when and 
where needed. Communications for this 
purpose have been largely on a point ‘to 
point basis, especially in fast moving sit- 
uations. However, as a given situation 
tends to become stabilized, a larger share 
of the traffic over the circuits is for ad- 
ministrative and supply service purposes, 
the number of users increases, the number 
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rere 


ing facilities and system operation become 
a necessity. caro 


Above division or perhaps corps level, / 
the physical plant required begins to take 


on the appearance of a system network 


rather than a series of point to point 


routes. Many main routes are required, 
oftentimes passing through the areas of 
control of several commanders. For ex- 
ample, the requirements of the air forces 
for long haul circuits for intercept, tacti- 
cal, and strategic air operations are gov- 
erned by the deployment of the air 
forces, The location of the air installa- 
tions depends not only upon the current 
tactical situation, but broad geographical 


and other considerations as well. Other | 


governing factors in the location of main 
routes in the rear areas are the locations of 
ports of supply and other large adminis- 
trative and supply centers. 
reasons the communications required to 
serve these areas must be considered as a 
system with many of the same problems 
we find in commercial operations. 


In this connection, it seems desirable — 


to look into the experience of commercial 
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map courtesy Signal Corps 


communications organizations and certain 
inherent features of their operations. 
The commercial operation of a landline 
communication service and its associated 
radio and submarine cable links has been 
described as a natural monopoly for the 
reason that the greater the number of fa- 
cilities integrated into a single system, the 
greater is the value of the service to the 
users. It is on this basis that the need 
for a strong centralized control of the 
over-all operation is primarily recognized. 
This same necessity and reason exists in 
the development of a system of military 
communications. Th addition, only by 
means of an integrated communication 
organization can the required flexibility in 
allocation of resources be attained to pro- 
vide facilities when and where needed. 
A major difference between the opera- 
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tion of a military communication system 
in the field and commercial operations, 
however, is the method by which the re- 
quirenients are limited with respect to the 
available supply of facilities. In general, 
the normal peacetime demands on a com- 
mercial service are kept in reasonable bal- 
ance with the available supply of facili- 
ties by virtue of the cost of the service 
to the users, which in turn is related to 
the investment. This means of regulating 
the needs of military users, however, is 
not applicable in areas of military opera- 
tions, which is another reason for central- 
izing appropriate technical control of 
communications at the highest level of 
military authority in the area served by 
the system. 

Another major difference between mili- 
tary and commercial systems is the fact 
that the development of a commercial 
system is, usually characterized by an or- 
derly change of requirements, with time 
factors permitting the installation of an 
economical, well-designed plant. How- 
ever, the pressure of limited time in the 
development of a military network in a 
theater of operations seldom permits the 
thorough co-ordination of all concerned 
to the extent desired. 


System Philosophy 


The need for centralized control of 
communications facilities becomes ap- 
parent when we realize how closely the 
activities of a communications installation 
at one location must be co-ordinated with 
those of the installations at other loca- 
tions. Satisfactory electrical communica- 
tion has been established between two 
points only when a conversation can be 
held between the two, or a message can 
be transmitted from one point to the 


Figure 3. Signal Corps personnel operating a 
French civil switchboard with French inter- 
preters at Oran 


Signal Corps photo 
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Signal Corps photo 

Figure 2. Four-pin crossarm constructed by 

the Signal Corps on French civil open wire 
lead during combat in Tunisia 


other with such quality and dispatch as 
will satisfy the user. 
warranted interruptions or lack of co- 
operation between those responsible for 
operations at various points in the system 
are evidence of unsatisfactory service. 

It is not sufficient that all individuals 
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and organizations place and splice fi 
wire or lead-covered cable; constru 
and maintain pole lines; place open wit 
install and line up carrier terminal ar 
repeater equipment; install, maintai 
and operate telephone and telegrap 
switchboards and radio installations ; 
accordance with the same manuals of it 
structions. These activities must f 
carried out by organizations and perso1 
nel in several commands at the sam 
time. The only way this possibly can t 
done without delay and confusion is b 
adopting basic principles of military sig 
nal communication organization whic 
will permit the designation of a singl 
agency in advance to be responsible fe 
laying down the ground rules under whic 
this work is to be accomplished. Further 
more, these ground rules must be bindin 
on all commands whose communication 
are an integral part of the system as : 
whole. 

It may be accepted as axiomatic tha 
rarely will sufficient resources be availabl 
in a theater of war to satisfy the commu 
nications requests of all users. It there 
fore becomes incumbent upon those re 
sponsible’ for providing this service t 
exercise the utmost in judgment and skil 
to bring about maximum economy in th 
employment of these resources. In viey 
of the technical aspects involved in th 
interconnection and interoperation of the 
various equipment located hundreds o 
miles apart in many cases, it is easy te 
see why the centralized control of tech 
nical administration by an experiencec 
and highly specialized staff assumes ar 
important role in systems development. 

To consider that it is only necessary te 
provide communications within the chair 
of command, that is, from superior to sub. 
ordinate commanders, is to fail to appre 


Figure 4. Signal Corps personnel operatin: 
Creed teleprinters (British) at Allied Fores 
Headquarters in Algiers 


Signal Corps phote 
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the system. A further complication is 
added and in no small degree, in the pro- 
vision of communications for joint opera- 
tions involving the land, sea, and air 
forces of not only our own, but allied na- 
tions as well, utilizing the native resources 
of each, including civil systems. 


'-ganizational difficulties were encountered 
in systems development of communi- 
‘ cations during World War II, these diffi- 
_ culties stemmed from a basic deficiency in 
signal communications doctrine as promul- 
gated by the War Department. Briefly 
» stated, this doctrine sets forth the princi- 
ple that every commander controls the 
system of communication required for 
‘his command. This principle of control 
3 by the several subordinate commanders 
~ must not be confused with the concept 
. _that the technical control of the single 
> system of physical plant must be exer- 
cised by the common superior of these 
commanders. These two concepts of 
4 control are complementary and not in- 

consistent. For this reason they must be 

- treated coequally in any pronouncement 

_ of signal communication doctrine for the 
= Armed Forces. 
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4 Experience in the North African 
‘Theater of Operations— 
May to November 1943 


. 
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land forces in Tunisia in May 1943, the 
landline communication system of the 


S, 
4 Following the surrender of the Axis 
3 Allies extended from Marrakech and 


; 
Signal Corps photo 
a 
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In those overseas theaters in which or- 


Casablanca to Tunis and Bizerte in 


French North Africa, covering a maxi- 


. mum distance of about 1,600 miles. 


Communications operations expanded 
considerably following the cessation of 
ground combat operations for the mount- 


_ ing and support of two major amphibious 


operations, Sicily in July, and Italy (Sa- 
lerno) in September 1943. To give some 
idea of the magnitude of the facilities 
required, following is a tabulation of the 
long haul channel mileages operated dur- 
ing the fall of 1943: 


Channel Miles 


1943 Telephone Telegraph 
September.% <fe.00-0e = 26,500. en oe 29,300 
November.............- 3S BOON ao cactebers 34,400 


The outside plant making up this net- 
work consisted of existing French civil 
(Services des Postes des Telegraphes et 
des Telephones) open wire leads and bur- 
ied cable, American 10-pin and 8-pin open 
wire leads, American spiral four cable, 
and buried cable placed by both the 
American and British forces. Many of the 
French civil open wire leads in Tunisia 
had to be rehabilitated following combat 
operations in that area. 

The equipment used to derive the long 
haul channels included French civil 
systems and varieties of American and 
British equipment available at the time. 
The French installations consisted chiefly 
of 1- and 3-channel telephone carrier 
systems operated over the open wire 
leads between Rabat and Oran. Ameri- 
can telephone carrier equipment consisted 
of types H and C Western Electric sys- 
tems, providing one and three carrier 
frequency channels, respectively; and 
Signal Corps type CF-1 which provides 
one voice frequency telephone channel 


Figure 5. Switch- 
board installers of the 
Signal Corps at work 
on an_ 8-position 
Western Electric 11 
type switchboard at 
Algiers 
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Signal Corps photo 


Figure 6. Main distributing frame of the 
Freedom Exchange installed by the Signal 
Corps at Algiers 


and three carrier frequency telephone 
channels. British equipment consisted of 
the so-called ‘‘one plus one’ (one voice 
frequency telephone channel plus one 
carrier-frequency telephone channel) and 
“one plus four’? (one voice frequency 
telephone channel plus four carrier fre- 
quency telephone channels) tactical sys- 
tems, and British SOS and SOT (three 
carrier frequency telephone channels) 
commercial systems. 

Both American and British voice 
frequency telegraph systems were em- 
ployed for long haul telegraph (teletype- 
writer and teleprinter) use. American 
types consisted of type 40-C-1 Western 
Electric (12 channels) equipment and 
the Signal Corps CF-2 (4 channels) tac- 
tical system. British voice frequency 
telegraph systems used, were the “‘speech 
plus simplex,” ‘‘speech plus duplex,” and 
“6 channel duplex’? tactical systems. 
The “‘speech plus duplex” (S plus Dx) and 
“speech plus simplex” (S plus Sx) systems 
are designed to derive carrier telegraph 
from a portion of the frequency band 
used by a telephone channel while retain- 
ing the use of the channel for speech 
transmission. In the S plus Dx system 
the band from about 1,500 to 2,000 cycles 
is eliminated from the speech transmission 
circuit and used for telegraph purposes. 
The carrier midband frequencies em- 
ployed are 1,680 cycles for one direction 
of transmission and 1,860 cycles for the 
other direction. Carrier is transmitted 
for marking and interrupted for spacing. 
The S plus Sx system provides service 
in both directions on a circuit but in only 
one direction at a time (American half 
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pei on Pie: of ie ihe types of 
the equipment is used. Numbers 1 and 2 


or 2,300 cycles per second. The number 3 


Bee ef. equipment uses frequencies of 300, 1,740, 
3 ‘ or 2,300 cycles per second. 
ee) Multichannel very high edeaee Pedic 


equipment as developed and later used i in 
other overseas military areas as links in 
-__ Iandline systems was not available in the 
North African Theater; and a discussion 
of the point to point radio operations is 
outside the scope of this paper. In the 
fall of 1943 a limited amount of broadcast- 
ing was done over transmitters in the 
vicinity of Tunis from studios in Algiers, 
using landline program supply channels. 
2 Although these channels were not high 
oe guality, they did serve the purpose. 
+ ' Musical programs of the Special Services 
and foreign language news were broadcast 
___ for short periods at night. Also, on sev- 
ae eral occasions news broadcasts picked up 
; at points in Tunisia were carried over 
landlines to Algiers where they were 
transmitted by radio to this country for 
broadcast. 

The Mediterranean area has a rather 
well-developed civil network of subma- 
rine cables which proved to be extremely 
useful to the Allied Forces. 
able volume of intratheater telegraph 
traffic was carried over these circuits par- 
ticularly after the islands in the Mediter- 
ranean between French North Africa and 
Italy were occupied, In respect to se- 
curity considerations, submarine cable 
circuits are unique in that they are ac- 
ceptable for transmission of military tele- 
graph traffic in clear text, including mes- 
sages classified as secret, providing the 
water areas through which the cables pass 
are in complete control of friendly forces. 
In view of the shortage of automatic 
cryptographic equipment, the advantage 
of this was that arrangements could be 
made if the condition just mentioned were 
fulfilled, for the clearing of large volumes 
of telegraph traffic without the time-con- 
suming burdens of manual cryptography. 


To develop a theater-wide system of 
communications involving complex op- 
erating features as just described, it soon 
was found that staff responsibility with- 
out technical administrative authority 
over the operating personnel of the vari- 
ous subordinate commands was entirely 
unsatisfactory. The solution to this 
problem in French North Africa was to 
activate liaison offices called long lines 
district offices, in Oran, Algiers, Con- 
stantine, and Bizerte to be under the di- 
rect control of the wire division of the sig- 
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Ba | are arranged to use frequencies of 300, 900 pyes 


A consider- — 


Cc are 
switchboard at 
‘Constantine 


nal section, Allied Force Headquarters. 


This action was taken in September 1943. 


Signal Corps officers and enlisted men 
were assigned to these offices who were 
entirely familiar with the “big picture” of 
the system and who were technically com- 
petent to analyze maintenance and opera- 
tions results, 


_ Telephone Operations 


In September 1943 it was found neces- 
sary to restrict the number of telephones 
having access to the long distance service. 
Long distance calls were permitted from 
about 50 per cent of all the telephones 


' tively estimating the number of calls — 


connected to military switchboards. The 
effect of this policy was an immediate im- _ 
provement in the service, and by October _ 
between 85 and 90 per cent of all long 
distance calls which were placed were } 
completed on the first attempt on a non-— 
hang-up basis. } 
The principal headquarters telephone — 
switchboards completed an average of — 
approximately 69,000 calls per day in — 
the month of November 1943. Conserva- 


handled in addition on smaller switch- 
boards for which records were not avail- _ 
able, the total number of telephone con- 
nections was probably in excess of 150,000 — 
per dav. 


Table | 


eS 
November 1943 


Number of 
Type of Number of Calls Per 
Location and Switchboard Designation Board* Positions Day 

Algiers 

Algierslongidistance:- aris ts) dereed iste ae eee WE LY seen te, sae Gi. ice pee 5,570 

Freedont'(local) yes, orale) eine sins cai eee WE 20" ek ee Ct Ae SA ye, Sm ae, 20,457 
Bizerte 

Bizerte (combination local and long distance)......... yoo eee eee Sete 'sin' é Secieren tia ae 5,557 

Eagle (local Eastern Base Section).................... ie ee Ay Se S| eee 5,003 
Casablanca 

Beacon (combination Atlantic Base Héction) ics ocareueen WE G50. teewe tee Sati de ee eae 6,589 
Constantine 

Constantine (combination). , 7. .5.teueh |e ee eee Se Lee ar te, ee 83 2x taes ore 5,829 
Oran 

Merit long. distance, ..., 031 «4.04 Suna enn TOsE Sis sant lee oe NER ere os oe Sea 3,675 

Merit local (Mediterranean Base Section).........,... Wi ll yo see Scapa ee eee 

Total . .68,766 


* WE—Western Electric; TC-1—Signal Corps nomenclature: SC—Stromberg-Carlson, 


Table Il. Landline Telegraph (Teletype) Traffic Data* for Certain of the Major Signal Centers 
in French North Africa—June and November 1943 
—s Ne 
Allied Force Atlantic Mediterranean Eastern Base 
Month Headquarters Base Section Base Section Seeticg " 
JUNC Th atem aetna ee Le oer ee aptet ets RE BIGLS yong ames OBB 
November ot WANG gee olaepit ee 2,187) eee 


* Daily average—incoming and outgoing words (excluding press), 


Putnam—Development of Military Communications 
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e Ate Operations _ 
a es 


ak pS ai was installed in 
Signal Corps CF-2 four 
channel ee was installed in Algiers 
and Oran and operated over a French civil 


un anderground cable circuit. Prior to that 


time all voice frequency telegraph chan- 
nels were provided by means of British 


z -équipment of the type mentioned earlier. 
Also, in the same month of March, suf- 
ficient teletype 
‘Corps BD-100) had become available to 


switchboards (Signal 
establish a common user telegraph printer 
_ network, Switchboards of this network 
were installed at Oran (Mediterranean 


* pase section), Algiers (Allied Force Head- 
quarters, Air Force, port, and other serv- 
ice organizations), and at Constantine 


(Eastern Base Section); and at later 
dates the system was extended to include 


- Casablanca, Tunis, and Bizerte. 


‘The telegraph traffic load of several of 


the larger headquarters in French North 


Africa for June and November 1943 is 


_ shown in Table II. 


_ Technical Administration 


The development of a network of com- 
munications into an efficient system re- 
~ quires a scheme of technical administra- 


— tion which will enable each member of 


the communication team to know not only 
what his own duties and responsibilities 
are to carry out a given function, but also 
what other members of the team at dis- 
tant points should be doing. For routine 
matters this is best accomplished through 
the medium of a set of uniform practices 


or instructions issued under a competent 


order to all concerned. A few of the ac- 


tivities which must be covered in this way 
“are service order and trouble reporting 


routines, and long distance circuit order 
and facility record practices. T hese in- 
structions must take into account all the 
conditions affecting the operation of the 
communication system, such as the com- 
munication procedures of all the military 
and civil agencies and commands in- 
volved in the operation, and the numerous 
types of equipment and organizations 
available to the military forces and civil 
communication administration. Instruc- 
tions of this kind are applicable only to 
the communication system of a particular 
area of operations, and for this reason 
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Synopsis: The increased use of a-c instru- 


_ments over a frequency range of 25 to 


3,000 cycles for aircraft and industrial 
applications has imposed new requirements 
on instrument design. It is recognized that 
the standard type of a-c ammeters and 
voltmeters normally calibrated for use at a 
given frequency are subject to errors in 
indication when used at other frequencies. 
This paper describes the manner in which 
one line of a-c ammeters and voltmeters can 
be compensated to have minimum errors 
resulting from changes in frequency over a 
range of 25 to 3,000 cycles. Errors found in 
the uncompensated and compensated types 
of instruments with changes in frequency 
are shown, and a practical means of deter- 


" mining the amount of compensation and its 


application to ammeters and voltmeters is 
presented. 


OR many years the conventional 
types of a-c ammeters and voltmeters 


‘have been designed for operation over a 


small range of power frequencies from 25 
to 125 cycles per second and have been 
used primarily on 25-, 50-, and 60-cycle 


Paper 46-155, recommended by the AIEE com- 
mittee on instruments and measurements for pres- 
entation at the AIEE summer convention, Detroit, 
Mich., June 24-28, 1946. Manuscript submitted 
February 21, 1946; made available for printing 
May 24, 1946, 


J. M. WHITTENTON | is assistant design engineer and 
C. A, Witxrnson is an engineer in the electrical 
instrument engineering division of General Electric 
Company, West Lynn, Mass. 
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circuits. In recent years, however, the 
operating frequency range has been ex- 
tended! and instruments have been de- 


signed with improved magnetic 1 materials. 


to operate accurately over a range of 15 to 
12,000 cycles. Some of the more com- 


mon frequencies encountered in the ex-_ | 


tended range have been 180 cycles for 
portable machine tools and high speed 
motors, 400 and 800 cycles for aircraft, 
960 to 3,000 cycles for electric furnace 
applications, and from 8,000 to 12,000 
cycles for industrial heat treatment use. 


The more general method of instrument 


adjustment has been to calibrate at 60 _ 
cycles for use at 25 to 125 cycles and at 


the specified operating frequency for 
higher ranges. This procedure in the 
past has proved satisfactory and, gener- 
ally speaking, variations up to 20 per cent 
of the calibrated frequencies have not 
produced objectionable errors. A rapidly 
increasing demand, however, has devel- 
oped recently for instruments to be used 
over much wider frequency ranges. For 
example, in aircraft there have been ap- 

plications for instruments for use on not 
only 400 but 800, 1,200, 1,600, and 2,100 
cycles. The problem of equipping these 
airplanes and maintaining replacement 
supplies would be simplified greatly if an 
instrument calibrated at one frequency 


they must be prepared in the field by the 
agency responsible for the operation of the 
system. In the North African Theater of 
Operations these instructions were issued 
as “Operating and Maintenance Instruc- 
tions,” by the wire division of the signal 
section, Allied Force Headquarters. 

By the fall of 1943, plant operations 
showed considerable improvement over 
earlier results. Contributing largely to 
this improvement were the extensive in- 
side and outside plant preventive main- 
tenance programs which were put into 
effect during the summer, the introduc- 
tion of universal patching facilities, and 
the substantial on-the-job training ac- 
quired by the maintenance personnel. 
In addition, of major importance was the 
improved operation of the plant on a sys- 
tem basis following the activation of 


the afore-mentioned long lines district 
offices. For example, during the two 
months immediately following the estab- 
lishment of these offices, telephone carrier 
troubles of one hour or more duration 
decreased 40 per cent, and similar tele- 
graph carrier troubles decreased 50 per 
cent during the same period. These im- 
provements in carrier maintenance opera- 
tions provide strong evidence as to the 
soundness of the system doctrine applied 
to military communications operation. 
The over-all experience in the operation 
of the landline system in French North 
Africa leads inevitably to the conclusion 
that a single chain of command must exist 
from the very top down through all signal 
communication organizations involved 
in providing a communications system for 
military operations in a theater of war. 
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also would perform accurately over the 
complete range. Similarly, in many mod- 
ern industrial and electronic applications 
the operating frequency may vary over 
ranges much in excess of 20 per cent of the 
calibrating frequency. These conditions 
have created a need for instruments which 
are compensated over a wide frequency 
range. A method of compensation and 
the results obtained are described in this 


paper. 


Errors in Uncompensated Voltmeters 
and Ammeters 


The moving iron instrument of the at- 
traction type used for many a-c ammeters 
and voltmeters is shown in Figure 1 in 
typical sizes. Briefly, the mechanism of 
this instrument consists of a vane of high 
permeability material moving within a 
fixed coil and mounted on a nonmagnetic 
shaft which carries the indicating pointer 
and is supported in suitable bearings. 
When current flows in the fixed coil, a 
magnetic field is set up which tends to pull 
the magnetic vane into the coil. The rate 
with which the vane is pulled into the coil 
is controlled by a flux distributor, and the 
movement is opposed by the torque of a 
control spring attached to the shaft. The 
internal construction of this type of in- 
strument is shown in Figure 2. 

This mechanism is used in ammeters by 
allowing the current to be measured to 
flow through a field coil. For voltage 
measurements, the mechanism is con- 
nected across the line and in series with 
a fixed resistance, to permit a current 
proportional to voltage to flow through 
the field coil. The electrical circuit of a 
standard uncompensated voltmeter is 
shown in Figure 3. 

The voltmeter is subject to frequency 
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errors which are caused by changes in the 
inductive reactance of the field coil and 
of the series resistor, and in the effective 
a-c resistance of the coil. The impedance 
of this typical design at 60 and at 3,000 
cycles is shown vectorially in the two 
diagrams in Figure 4. While the change 
in inductive reactance is directly pro- 
portional to the change in frequency, the 
relation of the change in effective re- 
sistance with frequency is more com- 
plex. It has been shown previously? 
that the eddy current losses in mag- 
netic circuits vary as a nonlinear function 
of the frequency, and have the same 
effect as a resistance which shunts the 
field coil and decreases the current 
through it. The combined effect of these 
two factors is to increase the circuit im- 
pedance and decrease the indication for a 
given voltage as the frequency increases. 

An example of errors in an uncompen- 
sated voltmeter of this type is shown by 
the calibration check of a typical 150-volt 
voltmeter in Table I. The instrument 
was calibrated at 60 cycles and checked 
over a frequency range of 60 to 3,000 cy- 
cles. The differences in readings at 60 
cycles and other designated frequencies 
are expressed in per cent of full scale volt- 
age. This rating of voltmeter has a series 
resistance of 14,000 ohms which limits 
the current through the field coil to 10 
milliamperes. 

The frequency error in ammeters of the 
moving iron type is caused only by the 
change in eddy current losses and is not 
affected by inductive reactance changes 
which merely cause a change in the volt- 
age drop across the coil, but not in the 
current through it. As a result, the over- 
all error is considerably less than that 
found in voltmeters. For example, the 
error of a 5-ampere ammeter, similar in 
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Figure 1 (left). Representative panel type a-c instruments for indus- 
trial and aircraft applications j 


Figure 2 (above). Instrument assembly showing mechanism and 


internal construction 


general design to the 150-volt voltmeter 
described and adjusted on 60 cycles, 
does not exceed minus 3 per cent at full 
scale indication on 3,000 cycles. 


Method of Frequency Compensation 
for Voltmeters 


A study of frequency errors shown in 
Table I, indicates that voltmeters should 
be compensated for frequency changes 
when calibrated at one frequency and used 
over a wide range of different frequencies. 
The ideal, from the users standpoint, 
would provide compensation to hold the 
magnitude of the total effective imped- 
ance constant even though the values of 
the resistive and reactive components 
change as the frequency varies. A study 
of prior methods** has shown that com- 
pensation can be obtained by shunting 
all of the series resistance with a capac- 
itor of required value if the resistance of 
the series resistor is relatively large as 
compared with that of the field coil. 


This method is very undesirable for use 
in quantity production, as the value of 
capacitance must be held within much 
closer limits than the standard plus or 
minus 20 per cent tolerance in the micro- 


Table I. Uncompensated Instrument Errors 


Over Frequency Range 


Expressed in Per Cent of Full Scale Value 


Voltage 60 400 1,200 2,000 3,000 
——————— ese 
WWkridinn: O...3=—0.85..—2138) =) Ag aig 
OO OF... 1.1.40 — 8.6) 5 7-6 ese 
1 ZO Ne tete Oise = Le Lyte re eee 9.3...—14.8 
LOO. Sees 0....—1.5...—5.1...—12.0..,.=—22.0 


ee 
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ae on eee For aoe a retoner 
or which shunts 14,000 ohms of a 15,000- 
ohm instrument circuit would be sub- 
jected to a peak voltage of 198 volts at 


higher values for intermittent overloads 
to which instruments may be subjected. 
These difficulties, however, can be 
; overcome largely by shunting only a por- 
tion of the series resistor and varying the 
_tesistance value of this portion to match 
the actual capacitance of a given capaci- 
tor. Since the value of this resistance is 
determined during the test procedure, and 
_the resistor spool then is wound to the 
required resistance, it is not necessary to 
_ maintain a large inventory of these re- 
‘sistor spools, and commercial tolerance 
‘capacitors can be used without difficulty 
in quantity production. In addition, the 
voltages likely to occur across them are 
_ reduced to safe values. 
With this method, the amount of com- 
_ pensation and, therefore, the magnitude 
-of the remaining error in a given volt- 
meter, depends upon the per cent of the 
series resistor which is shunted and the 
4 value of capacitance used. The effect 
of different per cents of series resistor 
3 shunted, and the magnitude of errors over 
4 a 60- to 2,500-cycle frequency range, is 
_ indicated in Figure 5. As shown, shunt- 
a ing 58 per cent of the resistor with a 0.004- 
- -microfarad capacitor reduces the errors to 
F a maximum of 1/4 per cent over the fre- 
; 


quency range. If, however, this compen- 


_ sation is used on 3,000 cycles, a I per cent 


q biss-3 

a R, Re Le 
VV 
4 

“4 SERIES [+--FIELD COll--~ >} 
RESISTANCE 


- Figure 3. Schematic diagram for uncom- 
a pensated moving iron type voltmeter 


Ry—Field coil resistance 
Ly—Field coil inductance 
R,:—Series resistance 


brss-y 
REACTANCE 
IMPEDANCE 15001! 22 OHMS 3 190 OHMS 


RESISTANCE 15000 OHMS x2 we 

FOR 60 CYCLES 1° oz 

; N=) tO 
vw b 

<r ao 
WwW 

ao 

FOR 3000 © 

CYCLES RESISTANCE 16800 OHMS 


Figure 4. Vector diagrams showing how 
internal impedance varies with frequency 
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error will occur. 


scale indication, and to even much © 


On the other hand, er- 
rors over the range extended to 3,000 
cycles can be made negligible by shunting 
75 per cent of the resistor with 0:003 
microfarad. 


Application of Method to Actual 
Voltmeters 


It is important to note that the preced- 
ing values are for an individual voltme- 
ter and will differ slightly with each in- 


_strument as a result of the tolerances 
‘which must be allowed in the components. 


The different values of series resistance 
which were shunted by a fixed value of 
capacitance in order to fully compensate 
a group of six instruments are a in 
Table ii 


Variations in Resistance Shunted 


Table Il. 
by Fixed Capacitance 
Capacitor Resistance Resistance 
Rating, ~ Shunted, Unshunted, Per Cent 
Bu Ohms Ohms Shunted 
0.008 cee ja 10: 200 Ree) ke BLO sie aceh « 73.6 
O}003- acon LO SS ornedyie evans 3 Ol Olatedety lee TAL 
0.003 5. ieee LOS39ORe Redes ee SOLO Mies: ses 74.1 
O}003 2-5 a=. MOS 20 acral SABO 3 serctters 75.3 
QL003~ cts selec WO) Tillotae ee ate tO 6 seeks 76.6 
0035. 5 ccf LO;S80 noite BaP a cognsl6 Uthat 


This method of shunting a portion of 
the series resistance approaches closely 
the ideal compensation by maintaining 
nearly constant the magnitude of the total 
effective impedance over wide frequency 
ranges. This is shown in Table III for 
which the equivalent resistance R, and 
the equivalent reactance X, have been 
computed from measured values for each 
component by using the following equa- 
tions: 


R» 
pe Rat ie aad 2C24.1 


Az= i 


where R,y, Lr, Ri, Ro, and C refer to the 
components shown in Figure 6. The vec- 
tor relationship of these values at 3,000 
cycles is shown in Figure 7. 

The data in Table III were taken for the 
full scale point only, and other points on 
the scale will vary slightly as a result of 
changes in the demagnetizing effects in 
the magnetic circuit resulting from the 
movement of the vane in and out of the 
field coil. The magnitude of such changes 
is shown in Table IV and is considered 
satisfactory for the applications previ- 
ously mentioned. It is significant to note 


that the scale distribution changes with 


frequency and that such changes are 
more pronounced at the higher frequen-. 
cies. 

The application of this method of fre- 
quency compensation to large quantity 
production of voltmeters is entirely prac- 
tical. The voltmeter first is adjusted at 
60 cycles with the fixed coil in series with 
the resistance required for full scale. The 


_ frequency then is changed to 3,000 cycles, 


which increases the instrument impedance 
and decreases the pointer indication. A 
commercially available capacitor of ap- 
proximately the right value then is con- 
nected across a sufficient amount of se- 
ries resistance to bring the pointer again 
to the full scale point. This adjusting 
technique can be adapted easily to simpli- 
fied test procedure by using standard 
resistors of different values which can be 


quickly connected to the instrument cir-_ 


cuit by a selector switch. 


Compensation of Lower Range . 


Voltmeters — 


The discussion thus far has been re- 
stricted to voltmeters rated 0-150 volts. 
Lower range voltmeters can be compen- 
sated in the same manner if certain new 
problems are solved. In order to assure 
adequate factors of merit and tempera- 
ture compensation, it is necessary to 


maintain a given number of ampere- 
turns for the field coil, and a definite ra- 
tio of the resistance of the copper in the 


ce} 400 800 1200 !600 2000 2400 
FREQUENCY - CYCLES 


Lr Re Re Ry 
c 


Figure 5. Degree of compensation for 
different percentages of series resistor shunted 
by specified value of capacitance 


Decade Box For Resistors Re and R; 
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Ohms 
uf 
Curve RF R: Ri G 


DB00 7 eas. 0.015 
8/2507... 0.008 
GOO ae 0.004 
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field coil to that of the series resistor which 
is wound with negligible temperature co- 
efficient material. These and other fac- 
tors result in the series resistance decreas- 
ing more rapidly than the field coil im- 
pedance, as the full scale voltage rating 
is reduced. As a result, voltmeters in 
ranges below 75 volts do not have suffi- 


! 
___ SERIES 


sa | 
! | 
RESISTANCE’) PT FIELD COIL-—*] 
Re +UXe 


Figure 6. Schematic diagram for compen- 
sated moving iron type voltmeter 


Ry—Field coil resistance 
Ly—Field coil inductance 
Ri—Unshunted series resistance 
R.—Shunted series resistance 
C—Capacitor 


cient series resistance to be shunted for 
correct frequency compensation. It is 
necessary, therefore, either to make some 
sacrifice in performance or to design spe- 
cial high frequency instruments for such 
ratings to obtain effective compensation. 


Compensated Ammeters 


It has been pointed out previously that 
the frequency errors in the ammeters are 
relatively small as compared with those 
found in voltmeters and principally are a 
result of eddy current losses. These 
losses can be reduced to a minimum by 
the use of high resistivity material such 
as phosphor-bronze for the field coil form 
and high permeability material such as 
permalloy, mumetal, and nicaloi in 
proper combination in the magnetic cir- 
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Effective 


Table Ill. Variation of Total 
Impedance With Frequency 
f Per Cent 
Fre- Variation 
quency, of Zz 
Cycles From Value 
Per Rg, Xz, Zz; at 60 
Sec Ohms Ohms Ohms Cycles* 
COR loj080r ees, 4 00..¢ 10080... 0 
400...!15,090.,.. 498....15,090....+0.40 
1,200... ..15,030..,.1,280....15,080.... +-0.33 
2,000; .14,820.3). .2,180... 14,970; «4. —0:40 
3,000. . . 4,290....14,960....—0.50 


. 14,300... 


* With the sign reversed these values are equal to 
the per cent error at full scale caused by frequency 
variation, 


Table IV. Typical Scale Errors Over Fre- 
quency Range in Per Cent of Full Scale 


Cycles 
Standard ——_—_______—_———— 
Voltage 60 400 1,200 2,000 3,000 
L50see- OS Oa Ola tr MOP. cdc 
120: 0... +01... +0.2... +0.6... +14 
Some: 0...—-0.3... —-0.8...—O1... 11 
COLRIe OAL. HOA, sc), Lidigied DD ee 7 
cuit. As a result, errors in ammeters 


are reduced to negligible values over the 
frequency range of 60 to 3,000 cycles. 


Conclusions 


A practical technique of frequency 
compensation has been developed which 
can be applied easily to standard a-c in- 
struments. The compensation has been 
accomplished first, by the use of improved 
magnetic materials in the ammeter and 
voltmeter, and secondly, by the addition 
of a commercially standard Capactar, to 
the voltmeter, 

By the application of these simple im- 
provements in existing designs it is pos- 
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per cent of full scale value for one 


at PC as? ae 


sible to use faerie normally adjus 
for accuracy to within plus or minus tw 


quency, over a wide range of 25 to 3,000 
cycles without incurring additional errors” 
in excess of two per cent. ? 

It is hoped that this work will encour-— 
age the use of frequency compensated a 


‘ 
bss? 


SHUNTED SERIES RESISTANCE Ps 


/ 
UNSHUNTED SERIES 
RESISTANCE 3500 OHMS 


RESISTANCE 2800 OHMS 


Figure 7. Vector diagram showing total 
instrument effective impedance at 3,000 cycles 


instruments to replace those now cali- 
brated for a standardized frequency of 
either 60, 400, or 800 cycles as well as 
those calibrated for other specific fre- 
quencies. This will insure more accurate 
measurement of current and voltage over 
a wide range of frequencies. 
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opsis: Protection engineers always have 
d to obtain a system of ground fault 
ction that will discriminate and actu- 
‘trip out only the ground faulted circuit 
a complex distribution network. This 
been a difficult chore because the mag- 
tude of the ground current often varies so 
itly as to be out of the range of the 
rmal protective relay settings. A system 
proposed here that not only has proper 
crimination, but also operates on very 
ww amotnts of ground current with the 
imum ground current held to such a low 
ue that practically no harm or damage 
one by the ground fault. This develop- 
tient was encouraged by the necessity of 
int use of poles by lines of communica- 
{ circuits and distribution circuits. This 
method comprises the installation of a small 
nk of grounding transformers at each of 
stations where the lines originate or 
erminate. With these small ground banks 
maximum ground fault current is very 
mall, Adequate relays and systems are 
sed to isolate only the faulted sections of 
ne. The installation of one 11-kv and one 
6.5-kv loop will be described. These two 
ystems have had several years of success- 
operation. 


Conclusions 


HIS type of sensitive ground relay 
protection will discriminate on ground 
urrents in the order of one per cent of the 
current transformer ratings, that is, with 
2200-5 current transformer on the circuit, 
a fault of two amperes ground current 
‘will cause proper tripping. 

_ The maximum ground current can be 
arranged to be from 40 to 60 amperes. 
This low current can do little harm as 
‘compared to the damage caused by a cur- 
tent of several thousand amperes that 
‘may occur in the solid grounded neutral 
systems. It has been found by years of 
‘operating experience that the damage 
‘done on ground faults with this type of 
protection is negligible. 

_ Tests have been made with tree grounds 
‘and it has been shown that conductor 
‘contacts on green trees do not pass suffi- 
‘cient current to trip the lines out from 


Paper 46-200, recommended by the AIEE commit- 
‘tee on protective devices for presentation at the 
AIEE Pacific Coast meeting, Seattle, Wash., 
NAugust 27-30, 1946. Manuscript submitted June 
14, 1946; made available for printing July 24, 1946. 
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this cause. Years of operating expe- 


rience have confirmed this fact. 

The operation of this relay scheme can 
be made very fast, thus eliminating 
ground faults rapidly. Since the control 
of the ground relays can be used to con- 
trol the phase relays, phase-to-phase 
short circuits also can be cleared rapidly. 


Introduction 


Continuity of service to the customers 
of electric power utilities always has been 
one of the main problems of the protec- 
tion engineer. Complex and intercon- 
nected high voltage circuits have been 
common for a long time. The protection 
of these circuits has been satisfactory and 
is improving continually. The lower 
voltage circuits have the same advantage 
of giving better continued service when 
interconnected. This has been done for 
some time but there has been no reliable 
way of isolating ground-faulted feeders 
correctly when the range of ground cur- 
rent has been so great. Therefore de- 
velopment of such a system was begun. 
Various standard types of relays were 
applied to many systems and no reliable 
discrimination could be obtained. 

Then two further requirements became 
apparent: 


1. If successful operation is to be obtained 
in joint pole use, the distribution line upon 


ANAHEIM 


ORANGE 
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Hunt—Relay Protection for Distribution Circutts 


NORMALLY 
PEN 


aid sea orm telephone ee cepa pe 


isolated rapidly and with as small amount 


of current as necessary to properly clear the 
distribution circuit. It is important to both 


the telephone utility and the power utility 
to make these fault damages a minimum as ~ 
_ they both serve the same customers and 


continuity of both services is important. — 


2. The damage to property and the hazard 


caused by fallen live wires makes it neces- 


_ sary to isolate and de-energize them as 


rapidly as possible and with as small 
amount of ground current as necessary. 


It can be seen that the same relay sys- 
tem can accomplish each type of ground — 


fault isolation. During many years, 


ground tests were conducted with many 


types of relay systems and many im- 
proved ones were developed, but most of 
them were not adequate to service a com~ 
plex distribution system. The system 


described here was finally suggested and 


tried. Although rather complicated for 
distribution circuits, it has proved suc-. 
cessful with years of experience. Several. 
improvements have been made to facili- 
tate operation. The system herein de- 
scribed is now in service on some of the 
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Figure 1. Eagle Rock substation 16-kv loop. 


system 


Figure 2 (below). Katella and Fairview sub~ 
stations 11-kv loop system 
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distribution circuits of the Southern 
California Edison Company Ltd. 


Complex Distribution Systems 


The sensitive relay systems were ap- 
plied to one 16-kv network as shown in 
Figure 1 and a more complicated 11-kv 
network as shown in Figure 2. 


At each station a small grounding bank 
of three 5-kva distribution transformers 
is installed. 


It can be seen that a separate type of 
protection is required for: 


1. Radial feeders, designated by R. 


2. Loop feeders at the source station, 
designated by LS. 


3. Loop feeders at the receiving stations, 
designated by L. 


Relay Systems 


The diagram in Figure 3 shows the 
relay protection, type R and LS required 
for source stations such as Eagle Rock 
substation shown in Figure 1, and Katella 
and Fairview substations shown in Figure 
2. This diagram shows only one radial 
feeder and one loop feeder. Additional 
feeders are exact duplicates of one of 
these types. Figure 4 is a schematic 
wiring diagram of the relays used in con- 
junction with the transmitting and re- 
ceiving sets. Figure 5 is an internal dia- 
gram of the special fault detecting relay 
IT-12. The radial feeder relay system is 
the same as that described in a previous 
paper. 

It can be seen (Figure 3) that the 
grounding bank consists of three 5-kva 
distribution transformers. The primary 
windings of these transformers used in 
Figure 1 are 16.5 kv, the secondary wind- 
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Figure 3. Source station relay system 


ings, 115 volts; and the ones used in Figure 
2 are 12 kv to 120 volts. 

The grounding bank secondary delta 
is closed by an air circuit breaker which 
is controlled by an over-current relay. 
In the event the relay protection takes 
longer than a predetermined time to clear 
a ground fault, the over-current relay 
will operate, thus opening this delta cir- 
cuit breaker. When the circuit breaker 
is open a voltmeter across the delta in- 
dicates percentage ground faults. Only 
at the source station is there a resistor of 
such conductivity as to prevent reso- 
nance, thus preventing high voltages when 
the system becomes ungrounded. 

Because the grounding banks at the 
various stations are small, their imped- 
ance is high in relation to the line imped- 
ance. Therefore a ground fault at any 
location will cause all grounding banks to 
produce almost the same amount of 
ground current. The maximum ground 
current depends upon the number of 
ground banks used in a given system when 
a solid ground fault occurs. The magni- 
tude of ground fault current then will 
range from a minimum to this maximum, 
inversely as the resistance in the ground 
fault. 

Since the line impedance is so low, the 
problem of discriminating by time is im- 
possible. It therefore is necessary to use 
a blocking method to prevent improper 
ground relay action. In the two loca- 
tions shown in Figures 1- and 2, car- 
rier current sets? are used’to send the 
necessary lockout signals. Pilot wires 
could be used for the signal channel but 
at the above locations the carrier sets 
proved more economical. 

The directional ground relay type.GR-: 
DD is made as shown by the internal 
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TRANSMITTER RECEIVER 


1 2 3 4 s 


Figure 4. Carrier set relay system 


connection diagram, Figure 6. This relay 
is similar to a _ directional-controlle¢ 
single-phase power directional relay ex. 
cept that the directional contacts have 
duodirectional function. When contact 
8 closes to contact 10, it activates a trans- 
mitting relay sending a signal to the re- 
mote end of that circuit to lock out the 
tripping relays, thus preventing them 
from operating. When contact 8 is 
closed in the opposite direction, the relay 
is in tripping condition. 


Olelsjofojofufejo 


PHASE TARGET 
GRD TARGET COIL. 


ARB EIGIEC) 


FRONT VIEW 


~Figure 5. Internal connections of special fault 
detecting relay type IT-12 
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' Figure 6. 


'- radial feeder and one loop feeder. 
_ setup is different in that there is no limit- 


fa.9 9 © 


(REAR VIEW) 


©) 
4 


3 CR- DD 


Internal wiring diagram of special 
ground relay type CR-DD 


Figure 7 is a diagram of the relay setup 
at receiving stations consisting of one 
This 


ing resistor in the secondary delta circuit 


- and a phase directional relay has been 


added for phase protection. The reason 
no phase directional relay is necessary at 
the source station is apparent in that any 
phase-to-phase short-circuit current is 


__ away from the station and not toward the 


station. The over-all operation of the 
system is simple and makes use of the 
fact that if fault current flows through a 
feeder toward a station bus, that feeder is 
unfaulted and should not relay. There- 
fore in Figures 1 and 2, ground current 


faults can flow toward any station in the 


loop feeders while phase-to-phase current 
can flow in the feeders only toward re- 
ceiving stations. For example, should a 
ground fault occur on the radial feeder 
out of Katella, a source station, ground 
current will flow toward Katella on the 
two feeders from Orange and the two 
feeders from Anaheim. If a phase-to- 
phase occurred on this radial feeder, no 
short-circuit current would flow on these 
four feeders. If a ground fault occurred 
on a radial feeder out of Orange substa- 
tion, ground current would flow in the 
two Orange circuits in the opposite direc- 
tion from the foregoing case, while the 
current in the two Anaheim lines still 
would flow toward Katella. However, if 
a phase-to-phase fault occurred on this 
feeder, short-circuit current would flow 
toward Orange on its two circuits and 
none on the Anaheim lines. 
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This relay system will cause a direc- 
tional relay to close contacts when fault 
current is flowing toward a station bus. 
If the fault is phase-to-phase it will cause 
the polyphase directional relay DC-3 to 
close contacts, and if the fault is phase-to- 
ground it will cause the ground directional 
relay CR-DD to close contacts. If the 
fault current is of sufficient magnitude it 
will cause the fault detector relays JT-12 
to operate its contacts. The contacts of 
each of these two sets of relays are in 
series and energize the transmitting relay 
which causes the carrier set to transmit, 
sending a signal to the remote end of the 
distribution circuit to prevent the relays 
at that end from tripping. This is accom- 
plished by having the receiver relay ener- 
gize the lockout relay AX. The lockout 
relay short-circuits the operating coils of 
the over-current phase tripping relays 
and opens the directional control of the 
ground tripping relay, thus preventing the 
operation of the tripping relays. This is 
done also at the transmitting end by ener- 
gizing the lockout relay directly from the 
transmitting relay TR. Figure 6 is an 
across-the-line diagram to show schemati- 
cally the connections of these various re- 
lays. 

Because the receiving substations are 
all unattended, it became necessary to 
devise a method of routine testing of the 
entire carrier relay circuits. The receiver 
relays are set to operate at two milliam- 
peres current and the second receiver re- 
lay has a setting of five milliamperes. 
This second relay is used normally as a 
signal relay so that when reception is 
below five milliamperes, it will not func- 
tion. Therefore, the scheme of testing 
must have the operator at the source 
substation transmit on one of the loop 
circuits. This will cause the signal re- 
ceiver relay at the remote or receiving 
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CARRIER CURRENT TRANS- 
MITTER AND RECEIVER 


Figure 7. Receiving station relay system 


e substation to operate, which in turn 


causes the transmitter of the other cir- 


cuit at the receiving substation to trans- 


mit to the signal receiving relay at the 
source substation energizing a pilot light. 
This gives a positive check on carrier 
operation in that direction. By energiz- 
ing the other transmitter at the source 
substation, a positive check is made for 


catrier transmission in the opposite direc- 


tion. In Figure 1, if the transmitter is 
energized on the Altadena line at Eagle 
Rock, the receiver relays of the other two 
circuits should indicate proper transmis- 
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Figure 8. Across-line diagram of relay system 
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Application Ratings of Indoor Power 


Circuit Breakers 


O. B. VIKOREN 


MEMBER AIEE 


Synopsis: Increased cost involved in serv- 
ing electric power to customers, and the aim 
to lower rates, have accelerated the need for 
most efficient utilization of existing generat- 
ing and distribution equipment. The paper 
describes a method for loading power circuit 
breakers on a temperature basis for the pur- 
pose of taking advantage of their inherent 
current carrying ability. Several years of 
practical application of the basic theory 
has proved entirely satisfactory on various 
types of electric equipment and has, in 
many cases, established considerable savings 
on new investments. While these savings 
apply to a lesser degree to circuit breakers 
than to other major power equipment, their 
application in accordance with temperature, 
rather than name plate rating, has put the 
use of new and existing facilities on an 
equally sound engineering basis. 


AS A RESULT of the increasing need 
for better utilization of high-volt- 
age line capacities, the question arose 
some years ago as to what maximum safe 


overloads could be carried on existing line , 


equipment during emergency conditions. 
It is the practice to consider the firm ca- 
pacity of a load distribution center as the 
summation of the capacities (ratings) of 


Paper 46-134, recommended by the AIEE commit- 
tee on protective devices for presentation at the 
AIEE summer convention, Detroit, Mich., June 
24-28, 1946. Manuscript submitted April 4, 1946; 
made available for printing May 13, 1946. 


O. B. ViKoREN is an engineer in the electrical engi- 
neering division, Philadelphia Electric Company, 
Philadelphia, Pa. 
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all associated supply lines except one, as- 
suming for discussion purposes that the 
characteristics of all lines under considera- 
tion are the same, so far as current carry- 
ing ability is concerned. Heretofore, the 
individual lines had been loaded to less 
than 100 per cent of their published rat- 
ings under normal operating conditions, 
and slightly overloaded only during emer- 
gency. This is not to imply that rational 
overloading of equipment had never been 
practiced before; in fact, certain trans- 
formers had been operated on a tempera- 
ture basis for a number of years. How- 
ever, the temperature limits used were, 
as a rule, those which were set up for the 
entire industry by the AIEE, or in a few 
isolated cases, determined by tests on the 
system. Certain power circuit breakers 
also had been included in these tests, but 
a practice of overloading equipment in 
general, on a true temperature basis, had 
not been firmly established. In the pro- 
posed setup, the optimum conditions 
would be to operate each line normally at 
100 per cent of its true rating and apply 
correspondingly heavier overload during 
emergencies, even if a small percentage of 
the equipment life had to be sacrificed at 
each occurrence. The emergencies were 
estimated to last for relatively short 
periods of time in the majority of cases, 
that is, a relatively heavy overload might 
be expected for the first two hours, but 


sion. This is true of the other two trans- 
mitters at Eagle Rock substation. 


Operating Experience 


The systems in Figures 1 and 2 have 
been in operation for six years, and very 
few difficulties have been uncovered. In 
one heavy severe rain and wind storm 
there were over 200 operations, none of 
which wereunnecessary. These 200 opera- 
tions consisted of many ground faults 
and phase-to-phase faults. 

There has been trouble with the CR-DD 
relays in that they have operated with 
current in only one circuit. This should 
not occur and sometimes it is very diffi- 
cult to adjust these relays to prevent such 
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operation. The wave trap capacitors 
absorb moisture causing difficulty with 
the carrier operation. This seems to be 
the greatest cause of trouble in all carrier 
relay systems of the Edison Company. 

With these years of operating expe- 
rience it can be said that this scheme is a 
practical solution to the ground fault 
problem. A less complicated system may 
be developed in the future. 
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after that time some relief would be 
vided by load transfer, and after f 
hours the load per line would, as a rule, 
expected to be reduced to the no 
capacity of the line. 

Before such a setup could be ane 
however, various pieces of equipment, 
comprising a line from the source to the 
receiving end had to be investigated; thus 
also, power circuit breakers. In the early 
attempts to load equipment on a true 
temperature basis, very little information 
could be obtained from current literature 
on the effect of overload on circuit break- 
ers, and the manufacturers were cautious 
in their statements regarding overload 
capacity because they were becoming 
aware of the fact that, among older types 
of circuit breakers, only those with prac- 
tically new contacts would stay within 
the temperatures permitted by the AIEE 
Standards under full load conditions. 
The manufacturers were fearful that over- 
load of 2- and 4-hour durations might 
tend to weaken the contact structure and, 
in the case of most types of oil circuit 


Table | 
Per Cent Service 
Factor 
Circuit-Breaker Name Copper Silver 
Plate Ratings Contacts Contacts 

2.4-kv and 4-ky service 
600-1,200 amperes. ............ 154 sm Wass 100 
2,000 amperes and above........ Gh Fa Sate 90 
All types of metalclad 

ewitchgeary 5 coe Ac cog ae ee nee 100 
13-ky service 
600-1,200 amperes............. ee 100 
2,000 amperes and above........ 106) ae 90 
All types of metalclad 

switchgedrs<<cbik leis k alee a see Ore 100 


1. When circuit breakers, except for metalclad 
units, are installed in open air, these service factors 
are to be multiplied by a compartment factor of 
1.1, and when installed in tight compartments 
with no ventilation, the service factors are to be 
multiplied by 0.9. 

2. A service factor of 100 per cent is to be used 
for metalclad switchgear as long as conventional 
installations are adhered to, or in cases where a 
single metal-enclosed unit is installed in an existing 
concrete cell with restricted air flow on three sides. 
Where metal-enclosed units are installed, either as 
a single unit or in the conventional way, but where 
in both cases the head room is seriously restricted, 
an arbitrarily chosen service factor of 95 per cent 
should be used. The fact that the units have 
tightly fitting doors should be disregarded because, 
where in the manufacturer’s judgment extra venti- 
lation is required, they are designed with louvers, 
or openings are provided in places where they are 
most effective. In other words, the compartment 
factor is one. 


3. The maximum temperature of copper directly 
connected to circuit-breaker terminals is to be 
limited to 70 degrees centigrade under normal 
conditions, and 90 degrees centigrade under emer- 
gency conditions lasting two days or less, except 
for metalclad switchgear where the limits should 
be 85 degrees centigrade under normal conditions 
and 105 degrees centigrade under similar emergency 
conditions. 


4. The maximum temperature of copper directly 
connected to circuit-breaker terminals is to be 
limited to 80 degrees centigrade under emergency 
conditions lasting for more than two days, except 
for metalclad switchgear where the limit should 
be 95 degrees centigrade. 
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breakers, heat the oil to such ri extent 
that the circuit breakers might catch fire 
if called upon to interrupt short-circuit 
irrent while in the overheated condition. 
_ The only way really to determine what 
“circuit breakers could do under overload 
‘conditions would be to make tests on typi- 
eal units of various makes in the compart- 
: ments in which they were operating. 


- 


“Test, Evaluation, and Application 


In view of the efforts made to provide 
for good housekeeping and proper main- 
- tenance of equipment, it was quite a sur- 
_ prise when tests revealed that the tem- 
perature rises on some of the circuit 
e ~ breakers substantially exceeded 30 de- 
grees centigrade at full load (name plate 
_ rating) when tested in the “as found” 
condition. Some circuit breakers would 
not carry full load even when the main 
contacts were replaced with completely 


_ new assemblies obtained from stock. The 


loads at which the tested circuit breakers 
had 30 degrees centigrade temperature 
_ rise ranged from 45 per cent to 80 per cent 
of name plate rating in the ‘‘as found” 
conditions, and from 70 per cent to 100 
per cent when reconditioned, depending 
3 on the type. 
j From the tests it could be stated quite 
f conclusively that no oil circuit breaker 
_ with copper to copper contacts was able 
to carry current equal to its name plate 
rating without exceeding the standard 30 
: degrees centigrade temperature rise, ex- 
~ cept when in as good as new condition, 
4 and operating in open air or in a well ven- 
- tilated compartment. Copper contacts, 
- in particular, deteriorate after initial in- 
stallation or subsequent overhauling, be- 
cause of cumulative oxidization and the 
resulting increased temperatures. 

It logically may be asked why this con- 
dition had not been discovered before 
tests were made. The answer is that cir- 
cuit breaker ratings often exceeded cable 
ratings when single cable per line was 
used, that in the previous operating setup 
circuit breakers were called upon to carry 

full load only under rare emergency con- 
ditions, and under normal conditions the 


ee oe Dell | 
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ture rise versus time 
curves for 500-am- 
_ pere power circuit 
- breaker 


Main contacts in air 


load currents were low enough so as not 
to make contact maintenance particularly 


excessive and thus did not arouse the sus- 


picion of those in charge. 

This is substantiated by the tests, and 
Figure 1 shows a typical example of the 
temperature rise of the main current- 
catrying contacts versus time, for three 
different load currents on a 15-kv 500- 
ampere oil circuit breaker of a type on 
which the main contacts are in air. 

Deterioration of contacts due to cumu- 
lative oxidization, accidental burning 
during fault current interruption, gradual 
annealing and reduced contact pressure 
are all factors which tend to increase the 
temperature rise of a circuit breaker. The 
factor contributing the most, however, is 
probably oxidization. This means that in 
order to maintain rated temperature rise, 
the true rating of a circuit breaker ought 
to be decreased as a function of time after 
each reconditioning, but, since this is im- 
practical, the ratings have been set up on 
an approximate basis, to secure rated tem- 
perature rise on the circuit breakers at 
the elapse of about one-half of the time 
between maintenance periods. This rat- 
ing is referred to as the nominal rating. 

Obviously, tests could not be conducted 
on all the various types of circuit breakers 
which are in service on the system, and 
they were therefore confined to eight units 
of the types most commonly used. 

The method adopted for determining 
nominal ratings of circuit breakers, to be 
applied over a normal period between 
maintenance overhaulings, employs an 
assigned service factor and compartment 
factor dependent upon the circuit-breaker 
type, type of contact structure, and type 
of installation. The product of these fac- 
tors and the name plate rating, will give a 
true rating for continuous load at which 
the circuit breaker is expected to have 30 
degrees centigrade contact temperature 
rise above ambient temperature outside 
the breaker compartment, on the time 
basis explained above. 

The list of service factors had to be 
chosen with considerable conservatism, 
particularly for metalclad switchgear, be- 
cause operating experience with that type 
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- orgie 1. ‘ Tempero : 


of Briguens ‘was s considerably Tess at that! 
+ time than it is today. 
that silver surfaced contacts are ‘used i in png ae 


In view of the fact 


metalclad switchgear, and silver does not 


_ develop current-resisting - oxides to the 
same degree as copper, experience has ie 
taught that there is less reason for con- _ 


-servatism with this equipment than with | 


other types of switching equipment. The S 


service factors now in use, excepting those 


of especially weak circuit breakers, are as " ' 


listed below. These factors apply to cir- 
cuit breakers in ventilated compartments, 
and are subject to modifications as stated _ 
in the notes supplementary to the list. 

Some of the factors recently have been in- 
creased slightly, and may be modified fur- 
ther if future experience so permits. 

The purpose of the tests conducted on 
the eight circuit breakers mentioned was. 
not only to determine the temperature 
versus time curves for these particular 
units, but also to give sufficient basic in- 


’ formation so that the equations for such 


curves could be derived, and thereby a 
method established, by means of which — 
the temperature rise for any combination — 
of load and time could be calculated. The 
reader may sense that the entire analysis 
of this problem is rather involved. The 
practical application has been greatly sim- 
plified, however, by developing diagrams — 
similar to Figure 2 for typical load cycles 
and for various types of circuit breakers. 


Example; Normal* and typical emergency 
ratings are to be assigned to a 500-ampere 
15-kv circuit breaker of the type used in the 
test, assuming that the ambient tempera- 
ture is 40 degrees centigrade, the service 
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Figure 2. Permissible normal and emergency 
loads in per cent of nominal rating on indoor 
oil-poor and oilless power circuit breakers 
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> Tested Calculated 
i Temp Temp Temp 
Time, Rise at Rise at Rise at 
Hrs 550 Amp — 400 Amp 


400 Amp 


dis th aos ce Va aed 14.5 
i gh ole Shang tee, 07 Gan ce 16.7 
Ey, hes oe 85 (Oink seas ah Gus eee 17.5 


factor is 0.8, and the compartment factor is 
0.9; in other words, a circuit breaker with 
copper to copper contacts, mounted in a 
tight compartment and having a nominal 


rating of 


500 amperes X0.8 X0.9=360 amperes 


} 
Following the guide on Figure 2 the results 


are 


Normal rating =360 X 1.04 =375 amperes 


. Two hour emergency rating = 


360 X1.88 =496 amperes 


Second 2 hour emergency rating is calcu- 
lated from the formula 


360 X0.1825+/90—40 =466 amperes 


The basic theory on operation of elec- 
tric equipment on a temperature basis 
as used in the Philadelphia Electric Com- 
pany was developed by members!~* of 
this company’s engineering department. 
The general equation has the form 


@=A(1—e “) + B(1—e-) (1) 


where @ is the temperature rise, and A, 
B, a, and 6b are the equivalent of the fac- 
tors which appear in the first two terms of 
an infinite series expressing the reaction of 
a thermal circuit to applied energy. 
These two first terms give a close approxi- 
mation of the total series. Referring to 
the temperature rise curve in the 550- 
ampere test shown in Figure 1, and taking 
the slope of the curve at the times & = 3, 

= 6, and & = 12 hours, values desig- 
nated X_ = 1.317, X3 = 0.688, and X, = 
0.425 were obtained, which in turn give 
values for the parameters A = 28, B = 
12, a = 2.65, and b = 0.14. Inserting 
these values in equation 1 gives the follow- 
ing numerical expression for the tempera- 
ture rise versus time for this particular 
test: 


6 =28(1 oa eae) aL 12(1 <— entity (2) 


It may be noted from the curve that the 
final temperature rise in this test went 
to 40 degrees centigrade, and the pre- 


* The normal rating is equivalent to the load which 
a circuit breaker can carry day in and day out 
without exceeding a total temperature of 70 de- 
grees centigrade at 40 degrees centigrade ambient 
temperature, 60 degrees centigrade at 20 degrees 
centigrade ambient temperature, and 55 degrees 
centigrade at 10 degrees centigrade ambient tem- 
perature, recognizing the typical daily load cycle. 
Emergency loads equivalent to emergency ratings 
may be carried immediately following normal load. 
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a Tested - 


scold,” 


6 a (1 a5 et +0(1~¢ ee 


qecmine the general shape of the curve 
while shifting its location. This step is 


justified by the tests because the tempera- 


ture rise varies practically as the square 


of the current over the major portion of © 


the curves, as will be seen from Table II 
and by referring to the temperature rises 
in the 400-ampere and 440-ampere tests. 
Following the same reasoning, the cur- 
rent which will cause a 30 degree centi- 
grade temperature rise is therefore 


ae ~ss0y reat amperes 


In the majority of cases when dealing 
with overload, the question is not so much 
one of finding out what temperature rise 
a circuit breaker will have when starting 
as it is to determine what total 
temperature it will reach at a given am- 
bient temperature after having carried a 
certain amount of load prior to the appli- 


e 


cation of overload. After all, it is the 


total temperature which sets the limit at 

which a circuit breaker can operate safely, 

and once this limit has been chosen, the 

corresponding current can be calculated. 
If 


X, represents total contact temperature in 
degrees centigrade as a function of 
time, that is, temperature rise plus 
ambient temperature, 

A represents ambient temperature in degrees 
centigrade, 

t represents time in hours, 

6, and 62, represent the initial temperature 
rise in degrees centigrade of the com- 
ponent parts of total temperature rise 
before application of a load whose 
ratio to nominal rating is R, 

1, and Oe, represent the final temperature 
rises in degrees centigrade of the com- 
ponent parts of total temperature 
rise at sustained load whose ratio to 
nominal rating is R, 


then the equation for the total tempera- 

ture can be written: 

X1=A +29+Pi9 + (02-020) (1 — €- 2.884) + 
(01,—O10)(1—e-.#) (4) 


where 

be, =21R? (5) 
A, =9R? (6) 
and 


sustained load 
pa ee ees A eid srs aes ee 
name plate current ratingXper cent 
service factor Xper cent compartment 


factor (7) 
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. practical app’ 


ture is in air. 


surrounded by a , eq 
are believed to ‘be 

lication ¢ 0 
circuit breaker whose 1 


To clarify the pint oe 
4, let it be assumed that the 500-am 
test circuit breaker had carried 400 ar 
eres continuously at 40 degrees centi ra 
ambient temperature, that the product 
the service factor and compartment factor 
is 80 per cent, and that it is desired to find 
the total temperature which the circuit 
breaker will reach when carrying 200 am- 
peres additional load for two hours. 
Graphically, the problem is shown in 
Figure 3 and the numerical solution is 
found as follows. 

Because of the fact that the cireuit 
breaker has been carrying 400 amperes — 
continuously, prior to the application of | 
the 600-ampere load, and its temperature, _ 
thereby, has reached a steady state, it is 
immaterial what the initial temperature — 
rises were when the 400-ampere load was — 
first applied. Equation 4 can therefore - 
be written as follows for the steady state 
condition. 


X,=40-+0+0+ (@,,—0)(1—0)+ | 
(@,—0)(1—0) 


and inserting the values for 0.., 0, yand R 


400 2 400 \? 
X,=40+21{| ————_ a 
ees (ars) a) 
=40+21+9=70 degrees centigrade 
These values, 21 and 9, become the 


initial temperature rises of the component 
parts so far as the following two hours are 


+ HOURS 


Figure 3. Total temperature of circuit breaker 
with 200-ampere load superimposed for two 
hours on 400-ampere normal load 
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+ HOURS 


Figure 4. Total temperature of formerly idle 
circuit breaker after successive application of 


200-ampere, 400-ampere, and 600-ampere 


load for two hours each 


4 concerned, during which time the load is 


600 amp. Therefore, equation 4 for that 
- condition can be written: 


; Ke=s0+21 404421 ee 00h "21 x 
a, 500 X0.8 


gee 600 al 
amenity -ahs 


(1—e—*-**) =98.9 degrees centigrade 


If, however, the conditions had been as 


j shown on Figure 4, that is, the circuit 
_ breaker had been idle and had assumed 
~ the same temperature as the surrounding 


al ill 


v 


Pe We ae ee ee 
. 4 


+ ee 


— * ste wl | hes ho Rk i at | 7? 


air before loads of 200 amperes, 400 am- 
_ peres, and 600 amperes were applied at 
two hour intervals, the solution would be 
as follows: 


' First two hours 


200 \2 
Pag ores) Se 8 
Pigs (ary fe a 


9 ca “(1 — e028) = 4045.2-40.5 
500 X0.8 > L ; 


Second two hours 
400 2 
=40+5.2 B5) oh 
0+5.2+0 +4 (,) sak x 


at £00 ist 
(i 44ers) 05} x 


(1—€79.%8) =40421+42.1 


Third two hours 
600 \2 
= 1+2. oe Ol 
Bean re 42.144 (aes) \ 


(1—e-53) +49 eens) ~21px 
500 X0.8 


(1—e~°-8) =93.7 degrees centigrade 


It will be noted that by using equations 
4 to7, inclusive, and a step by step method 
of calculation, temperatures or ratings 
of oilless and oil-poor circuit breakers can 
be calculated for any type of load cycle, 
provided that in the first case, the load 
currents are known, and in the second 
case, the temperature limits are chosen. 

For oil circuit breakers with all of the 
contact structure under oil, the same 
reasoning as above can be applied to the 
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test results sherds on ti ies types, 0d 


the total temperature of the contacts can 


_be ee by the equation 


! 


x= = A640. + Oy—F)(1—"") (8) 


where 


6,=4.5R? for t=two hours or more (9) 
=7.5R? for t=less than two hours _(10) 
Bs (11) 


and 


X;, represents total contact temperature in. 
degrees centigrade as a function of 
time, that is, temperature rise plus 
ambient temperature 

A represents ambient temperature in de- 
grees centigrade 

t represents time in hours 

6, represents contact temperature rise above 
oil temperature in degrees centigrade 

Oe, represents final oil temperature rise in 
degrees centigrade under load whose 
ratio to nominal rating is R 

6g Tepresents initial oil temperature rise in 
degrees centigrade before application 
of load whose ratio to nominal rating 
is R. 

While some of the temperature limits 
now in use when rating circuit breakers 
have been stated in connection with the 
service and compartment factors, the se- 
lection of these and others needs to be jus- 
tified. 

The various tests were conducted on 
circuit breakers mounted in compart- 
ments which were either tightly closed 
with doors or partially ventilated, and the 
ambient temperature on which the tem- 
perature rises are based, was taken out- 
side the compartment to make the basis 


consistent. For circuit breakers in tight 


compartments with no ventilation, it was 


found that the ambient temperature in- 
side the compartment and thus the circuit 
breaker total temperature was approxi- 
mately five degrees centigrade higher than 
for the same circuit breaker with the same 
load in a compartment with some ventila- 
tion. Based on this observation, the rat- 
ing for circuit breakers in tight compart- 
ments should be approximately 0.9 times 
the rating of circuit breakers in ventilated 


compartments. Further, since the am- 
Table Ill. Average Ambient Temperature 
De eee 
Calculated (Deg C) Use (Deg C) 
WieGoP) tesco oat ac Sob aePn eee cone 20 
Spy JS dita hn ace Seon aaa IaIOD racine 25 
Tpit: neat t aaa eeeteoe e Cae Ee 30 
BOMBA NTR Gn Lincleetas mit lakcistons et 35 
BY die! dle pnbehd bob ROR e AEE Ouse 40 
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bient temperature inside the compart- 
ment was approximately five degrees cen- 
tigrade higher than outside the compart- 
ment, a circuit breaker installed on a 
structure without compartmentation, 
with little or no restrictions to the air flow, 
could carry approximately 1.1 times the 
load of the same circuit breaker when in- 
stalled inside a ventilated compartment. 


Ambient Temperatures 


Before any rating based on temperature 
can be assigned to a circuit breaker, it is 
necessary to arrive at an average ambient 
temperature at its location. In attended 
places, this is done by taking datly ther- 
mometer readings in the room every four 
hours during two seasons of the year, one 
season termed summer lasting from April 
through October and containing 214 days, 
the other termed winter lasting from No- 
vember through March and containing 
151 days. 
on the same thermometer are added over 
each of the two seasons and divided by 
214 and 151 days respectively, thus ar- 
riving at a daily average ambient tempera- 
ture for the summer, and likewise for the 
winter. If several thermometers are lo- 
cated in the same room the highest value 
calculated on the above basis is considered 
the average ambient temperature for that 
room. However, in any event, for the 
purpose of simplifying rating calculations, 
the average is rounded off as shown in 
Table III. 


Continuous and Normal 
Load Conditions 


Both terms cover day in and day out 
operation, except that the latter recog- 
nizes the typical daily load cycle for the 
individual problem. 

The temperature rise of a circuit breaker 
is, as shown in Table II, nearly propor- 
tional to its J2?R loss. However, oxidiza- 
tion produces a steadily increasing con- 
tact resistance, particularly on copper to 
copper surfaces, and thus an increasing 
loss and temperature rise. If the total 
temperature is held constant and the 
time involved is not too long, this tem- 
perature will produce the same rate of 
oxidization, whether it is a result of high 
ambient temperature and low tempera- 
ture rise, or vice versa. To clarify, com- 
pare the values in Table IV where it is 
assumed that under condition A, two 
identical circuit breakers are operating at 
different loads, at different ambient tem- 
peratures, but at the same total tempera- 
ture when initially put in service. For a 
while the contacts are going to oxidize at 
the same rate, and let it be assumed that 
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The daily maximum readings | 


‘s 


cu it breaker 1is four degrees centigrade 


A da than circuit breaker 2. It will get 


RY "progressively hotter, in fact, the heating - 
is actually somewhat worse than indicated — 


im _ breakers will oxidize at different rates as 
soon as the smallest difference in total 
temperature appears. 

From this analysis the eanelusion can 

be drawn that, for circuit breakers oper- 


allowable total temperature limits should 
be lowered with decreasing ambient tem- 


rect ratio. Stated in another way, the 


permissible temperature rise should be 


restricted with decreasing ambient tem- 
peratures. 
chosen as one-half of the amount between 
the actual ambient temperature and 40 
degrees centigrade, as long as the ambient 
temperature is below the latter value. 
At40degrees centigrade ambient tempera- 
ture and above, the total temperature 
has been limited to 70 degrees centigrade 
because, so far, no higher value appears 
justified under normal load conditions. 
It will be noted under condition C in 
Table IV that, in order not to exceed the 
permissible total temperature limits of 
circuit breaker 1 while operating continu- 
ously at loads exceeding its nominal rat- 
ing, several remedies can be employed. 
These will be considered in the same order 
as tabulated under condition C. 


Remedy 1. Reduce the load current. This 
may or may not be possible and would mean 
revenue loss unless it could be picked up on 
other less loaded circuits. 


Remedy 2. Reduce contact resistance be- 
low original value. This means either to 
rebuild the circuit breaker for the next 
higher current rating, which generally is 
feasible only on circuit breakers rated below 
1,200 amperes, or to replace the circuit 
breaker with one of higher rating. (It has 
been assumed that the new contact structure 
would have 20 per cent less resistance than 
the original in order to fit into this picture.) 


Remedy 3. Reduce the ambient tempera- 
ture by means of ventilation. As a result 
of ventilation, the compartment factor will 
change, which in turn will increase the 
nominal rating, and thus reduce the percent- 
age overload (shown in parentheses, Table 
IV) for the same actual current. Thus, in 
this example, the contacts could, at least on 
a theoretical basis, be permitted to dete- 
riorate until their resistance reached 150 per 
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et conditon B it will be noted that 


ating on a continuous or normal basis, the ‘ 


_ perature, although not necessarily in di- 


This restriction has been 


ane other eq ment in the same room ) 
_ Remedy 4. Recondition contacts: ‘As eps 


a in the tabulation because the two ue 


Ol 
ay in some cases be Bs Ge 


ready indicated in the preceding paragraph, 
reconditioning of contacts combined with 


silver surfacing proves as effective as, C 
is often much simpler than, any of the other ‘dition, the 90 


_ remedies discussed, because it does not 


necessarily involve extra capital expenditure 


or loss of revenue. Since the silver surfac- 


ing will change the service factor, which in > “oilless circuit breakers are U 


turn will increase the nominal rating, the 
percentage overload actually will be less 
for the same ampere load. (Figure in 
parentheses refers to this.) The same 
reasoning can be applied to circuit breaker 
2 for silver surfaced contacts. 

Silver surfaced contacts have much less 
cumulative oxidization than copper contacts 
because silver oxide is a relatively good con- 
ductor,while copper oxide i isa relatively poor 
one. For this reason the service factors, de- 
termined on the basis of the tests, are higher 
for silver than for copper contacts. While 
all but the earliest tests actually were con- 
ducted on reconditioned circuit breakers, as 
good as new copper contact assemblies were 
used, and during the relatively short dura- 
tions of the tests, these assemblies had prac- 
tically the same contact resistance as silver 
surfaced contacts, although with time, they 
would deteriorate much more rapidly. 


Short Time Emergency Conditions, 
Maximum Duration Two Days 


As a result of the fact that contact oxi- 
dization under short time emergency over- 
loads will be considerably less than that 
during long time overloads, 90 degrees 


’ 


perature limit seems to 


_ This excludes me s 


grees centigrade i is believed to be 
sible. If oil circuit breakers ar 
metalclad gears, special considerati 1 
be given to the problem. a ‘ 

Since the 90 ‘degree centigrade 1 : 
plies to emergencies of two days or 
the question may be raised as to what loa 
a circuit breaker can carry for two day: 
if the 90 degree centigrade limit 
reached, for example, within the first 
hours. Referring to equations 4 and S5 
these take the form X, = 30R?+ A und 
this condition. Solving for R, realizin 
that X, already has reached 90 degree 
centigrade and may continue at this valu 
up to two days, the answer is 


1 
Nominal rating X V5 (90—A) 


Long Time Emergency 
Conditions 


Under long time emergency operation 
lasting more than two days, the total 


Table IV 
wateses SSUES 
Continuous 
Per Cent Load in Per 
Con- Circuit Resistance Cent of Nomi- Ambient Temp Total 
dition Breaker of Contacts nal Rating Temp, C Rise,C Temp, C Remarks 
Vers. |; Patent re LOD ats URS tile TL, BO ty 2.0 BO nr 5 TO cone Exceeds permissible temp 
rise 7 
Desks tea Hulu ae ce LOO! Aamir she AOS ew BO) ca ig.h on Oetee Permissible total max 
temp 
Boe | Reh TOP ieiasel «ote 129 abo wate ite siateereerate OO ae BON ee ate Exceeds permissible total 
: max temp 
tte.» eee LOOT ie aan 100 2" connie 40). prt tie eo Vhs ee Exceeds permissible total 
max temp 
Te eerie VD10) ee eee 115) ho cole e LO scien Rak AD oes ea. GO) Mier Limited by permissible 
total max temp 
ie ote bP fa dee 120 See 20 ,/ts sate BOK Nislakts 60..,..Limited by permissible 
total max temp 
Cae 1 ee aay LBOW a sete « W209 (C1ULG)i oes Ons Fe iar OU). 5 Rede DOW pcos Limited by permissible 
total max temp 
Lsisiats iets LOO fess 129: (LS) aie oe 20), ane BO Nirocahtenste B05. 4a Limited by permissible 
, total max temp 
Ae ihrem ait LOOT ete as LOOG90)).Faen eieve BO) tiv See DO eshvareibarrs TOA Limited by permissible 


* New or reconditioned copper contacts. 
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t Oxidized copper contacts. 


total max temp 


t Silver surfaced copper contacts. 
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ea. 

to 95 demees’ centigrade. In metalclad 
j gears, the contacts always are silver sur- 
faced, and springs which furnish contact 
_ pressure are not depended on so far as 
current carrying ability is, concerned. 
Again oil circuit breakers in metalclad 
_ gears are given special consideration. 


Temperature Limits of 
_ External Connections 


_ The total temperature limits for exter- 
nal copper directly connected to power 
_ circuit breakers have been so chosen that 
_ heat will not be carried into the circuit- 
_ breaker contacts.. When apparent devia- 
- tions occur at low ambient temperatures, 
they are not believed to be serious, as the 
' circuit-breaker terminal structure has 
_ been found to act asa choke. The values 
are stated in Table I. 
In the preceding discussion, except 
_ where applied to metalclad switchgear, 
- the conventional 30 degrees centigrade 
tise over 40 degrees centigrade ambient 
’ temperature has been assumed in referring 
to circuit-breaker name plate ratings. 
_ Since the name plate ratings for metalclad 
switchgear are based on 45 degrees centi- 
_ grade rise over 40 degrees centigrade am- 
_ bient temperature, the temperature limits 
_ chosen under overload conditions for this 
type of equipment have been raised by 15 
degrees centigrade, as compared with the 
limits applying to other types of switching 
equipment. Except for this difference, 
the same formulas and procedure are used 
on all types of indoor power circuit 
breakers. 


cs 
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Conclusion 


The preceding discussion is believed to 
be comprehensive enough to enable those 
who have not yet tackled the problem of 
loading circuit breakers on a temperature 
basis to do so without difficulty. The 
basic problem is the same for all users, 
and while some of the details may vary, 
these details should be relatively easy to 
collect once the requirements are known. 

In case of new circuit breakers, the cal- 
culated normal and emergency ratings 
may exceed name plate values by mod- 
erate amounts depending on the physical 
arrangement and the ambient tempera- 
ture. On older types of circuit breakers, 
however, the name plate values will sel- 
dom be exceeded unless the units are 
equipped with silver surfaced contacts 
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ARLY IN 1943 a number of engineers 
in the Bonneville Power Administra- 
tion were informed of a new “mystery 
load” which was to be added to the BPA 
system. Later this load became known 


as the Hanford Engineer Works ‘of the 


“Manhattan District. We, of course, were 


warned that the new load was one of the 
war’s top secrets. The product to be 
made, about which no one seemed to know 
anything, the location of the plant and its 
general arrangement, the amount of power 
to be taken by the plant, the location of 
the transmission lines which were to sup- 
ply it, and the additional important fact 
that the power to be supplied had to have 
the utmost reliability were subjects which 
were not to be discussed unless absolutely 
necessary. It is our feeling that all these 
secrets were well-kept. For while BPA 
engineers had the responsibility of ar- 
ranging their system to provide reliable 
service to this: new load, there were 
times when we despaired of ever obtaining 
sufficient general technical information 
regarding the apparatus to be used by the 
Hanford Engineer Works to make pos- 
" sible the best co-ordinated system design. 

At the time this new load first was con- 
sidered on the BPA system slightly more 


than one year of war had passed. Ma- - 


Paper 46-178, recommended by the AIEE commit- 
tees on power generation and power transmission 
and distribution for presentation at the AIEE Pa- 
cific Coast meeting, Seattle, Wash., August 27-30, 
1946. Manuscript submitted June 12, 1946; made 
available for printing July 9, 1946. 


B. V. Hoarp is chief of the a-c calculating board 
studies group, system engineering staff, and J. R. 
Curtin is an engineer on the system engineering 
staff, both of Bonneville Power Administration, 
Portland, Oreg. 
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terials end labor were critical, and Thcee ys 
system had started serving many large — 


war loads, including the reduction of alu- *i7 


minum and power for shipyards. Com- 
mitments also had been made to supply : 
power to other large war factories, the a 
plants for which were still under construc-— ; 
tion. 
studies had been made previously of thé 74 


transmission system including these fu- We 


ture loads, and it was realized that the 
transmission system, heavily loaded as it — 
would be, could not supply the type of 
reliable service which would be required _ 
by the new ‘“‘mystery load.” Accord- 
ingly, it was decided to determine by a 
series of a-c calculating board studies what 
system additions and changes would be 
necessary in order to obtain a reliable 
source of supply to the Hanford Engineer 
Works’ load. These studies were started’ 
and included load-flow diagrams, tran- 
sient stability studies, and relay studies, 
so that all possible contingencies could be 
taken care of. ¥ 


Location of the Hanford Engineer 
Works’ Load on the BPA System 


Geographically, the BPA’s transmis- 
sion system serves three major load areas 
—the Puget Sound, Portland, and Spo- 
kane areas. Figure 1 indicates the geo- 
graphic location of 230-kv and 115-kv 
transmission lines, major substations, 
and generating stations as of June 1946. 

The system peak load during the war 
was 1,427,000 kw. Butin February 1943, 
when the Hanford Engineer Works first 


and ambient temperature, as well as the 
physical arrangements, are favorable. 
The specific method described has been 
used on circuit breakers for several years 
on the Philadelphia Electric Company 
system and has given results which are 
believed to be entirely safe. The same 
general method also has been applied to 
other types of major power equipment 
and has resulted in considerable savings 
on capital investments. These savings 
have contributed to the maintenance of 
low rates in spite of the steadily rising 
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costs involved in serving electric power to 
customers. 
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Figure 1. Bonneville Power Administration 
230-kv and 115-kv transmission grid 


was being considered as an additional 
load, the BPA system had not grown to 
its present size. A simplified schematic 
diagram of the BPA 230-kv transmission 
system as of February 1943 is indicated 
in Figure 2. This diagram shows a 230-kv 
loop with two large generating stations, 
Grand Coulee and Bonneville, and two 
large load centers, the Portland area and 
the Puget Sound area, connected to the 
loop. At this time there were three 108,- 
000-kva generatgrs installed at Grand 
Coulee and four 60,000-kva generators 
installed on the 230-kv system at Bonne- 
ville. But before the Hanford Engineer 
Works’ load would be able to start opera- 
tion, there would be eight Grand Coulee 
generators operating with two new 230-kv 
lines to Spokane and a large load at Spo- 
kane connected to the system. 

The Grand Coulee generating station is 
constructed and operated by the United 
States Bureau of Reclamation; the Bon- 
neville Power Plant is constructed and 
operated by the United States Army En- 
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gineers; and power from these two sta- . 


tions is transmitted to load centers over 
the transmission system of BPA. Two 
parallel 230-kv transmission lines connect 
the two generating stations through an in- 
termediate switching station at Midway 
which is 100 miles from Grand Coulee and 
134 miles from Bonneville. The Hanford 
Engineer Works’ load was to be supplied 
from Midway, as this station had a source 
of supply either from Grand Coulee 
through two 230-kv lines or from Bonne- 
ville through two 230-kv lines. 


The Problem 


At that time the process to be used at 
the Hanford Engineer Works never had 
been tried fully so that knowledge of how 
it would work was very limited. In view 
of this lack of information and present- 
day knowledge of the destructiveness of 
atomic bombs, it is not surprising that 
extreme precautions were taken to main- 
tain a source of supply of power to the 
load. We now know this power drove 
large pumps to supply cooling water to 
the uranium piles, and now can under- 
stand that the loss of power for even a 
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were found with the 230-1 


1. When alll new loads and gen 
_ been added to the system, loads i 


of si 


shown in Figure 2: 


e% - = Sag 
Sound and Portland areas would be v 
large in comparison with the transr 
capacity, so that any double-line-to- 
fault on the Coulee—Covington line or on a 
Coulee—Midway line would result in the 
system being unstable. It would break 
apart, and in so doing would cause low vc 
age at Midway which was considere¢ 
dangerous to the Hanford Engineer Works’ 
process. é' a 


2. Power normally flows from Granc 
Coulee to Bonneville and the Portland area. 
After the system breakup occurred, with 
Grand Coulee separated from Midway, 
there was not sufficient generation at 
Bonneville to supply both the Portland area 
and the Midway loads so that the frequency 
and voltage at Midway would drop rapidly. 
Such drop in frequency also was considered 
dangerous to the Hanford Engineer Works’ 
process. Similar difficulties would be en- 
countered in case of a simultaneous fault on 
both Coulee—Midway lines. ‘ 


3. At the beginning of the war, Grand i 
Coulee had only one generator installed. 
Before August 1944 when the Hanford 
Engineer Works’ load was to be energized, 
there would be eight generators installed 
with a maximum overload capacity of ap- 
proximately 930,000 kw, and if all 230-kyv 
lines and eight generators were to be con- 
nected to the same bus the short-circuit duty 
on 230-kv circuit breakers would approach 
5,000,000 kva. Existing circuit breakers had 
an interrupting rating of 2.5 million kva 
while the largest available breaker, which 
was developed after the war started, had 
only a 3.5-million kva interrupting rating. 
Accordingly, the Grand Coulee bus had to be 
split up, and it was decided after consider- 


cable study that more reliable service could 


be supplied to the Hanford Engineer Works 
if one Coulee-Midway line was to be con- 
nected to each of the two new busses at 
Grand Coulee. This design of the Grand 
Coulee bus, which utilizes an interleaved 
arrangement of the transmission lines on two 
busses, has been covered in a previous 
paper.! 


4. It already has been indicated how the 
system load, generation, and transmission 
lines had grown since the start of the war. 
Orders for high-speed carrier-current relay- 
ing had been placed for each end of all ma jor 
230-kv lines, but because of higher pri- 
orities of Army and Navy equipments, not 
one of some 22 sets ordered had been de- 
livered, Without high speed clearance of 
faults at both ends of a faulted 230-kv line 
as provided by these relays, the system could 
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no he ae stable without a 1 greater iuaber 
reinforcements being required than 
herwise would be the case. All such rein- 
emenits, of course, had to be justified to 
War Production Board because of short- 
eS critical material and labor. 


ielution of the Problem 


Extensive and intensive studies were 
‘conducted to determine the minimum sys- 
‘tem additions needed to obtain reliable 
service. Over 150 transient stability 
tudies were made using several bussing 
arrangements at Grand Coulee and as- 
suming faults at various locations on the 
system. The transmission system as 
shown in Figure 3, which finally was se- 
lected as satisfying the Hanford Engineer 
Works’ load requirements for reliability 
sas well as having sufficient capacity to 
‘supply other system loads, consists of the 
~ 230-kv loop with generation supplied at 
_ two points, while major loads are sup- 
" plied from the loop at five other points. 
System characteristics were determined 
during transient stability swings follow- 
_ing the clearance of a faulted line to be 
certain that relays would operate cor 


per 


- Figure 2. Schematic 1-line diagram of BPA 
230-kv system in February 1943 
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ete when called “ate to do so during 
these transient swings as well as during 
the faults. In this respect the war had 
forced transmission line loadings that 
were very high, and it was found that 
standard carrier type relays on some lines 
had to be modified before they would be 
completely satisfactory. 

Because of the transmission loop ar- 
rangement, it was found that out-of-step 
blocking was undesirable, for instability 
might be initiated between any two ma- 
jor substations depending on the fault 
location, the initial system load division, 
or generation division, as well as circuit 
breaker and relay operating time. If 
such out-of-step operation did occur as a 
result of any cause, it was necessary to 
make certain that the system breakup 
would not produce low frequency or ex- 
cessively low voltage at Midway except 
that low voltage would occur unavoidably 
for the few cycles (five to ten) between the 
time when a fault first occurred near the 
Midway bus and when it was cleared. 


System Changes Needed 


As a result of the foregoing and other 
studies, the following system changes 
and additions were made from February 
1943 (Figure 2) to August 1945 (Figure 
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3). Important steps also are listed which — 
_ are not shown easily on Figure 3. 
1. Change in bussing arrangement at 
Grand Coulee.! 


2. Addition of Galea Conn line 
number 2. 


wf 
- + 


3. Arrangement for bus tie and bus sec- 
tionalizing breakers at Midway. Power to 
Hanford Engineer Works fed from both ends 
of the bus to prevent outage in case of a bus 
fault at the Midway substation. 


4. Installation of carrier relays on all 230- 
kv transmission lines. Priority assistance to 
obtain delivery was needed most as most 
of the sets previously had been ordered. 


5. Installation of a transfer tripping 
scheme at Coulee, Midway, and North Bon- 
neville to provide an alternate source of 
supply from Bonneville generating station 
without drop in frequency or low voltage in 
the event of a double line outage of the two 
Coulee-—Midway lines. (Until installation 
of Columbia—Midway 230-kv line.) 


6. Installation of Columbia switching sta- 
tion (in Coulee—Covington lines) and Colum- 
bia—Midway 230-kv line. 
7. Special relay studies. 


(a). 


Resulting in modification of carrier relays. 


Figure 3. Schematic 1-line diagram of BPA 

230-kv system in August 1944, approximate 

time when Hanford Engineer Works started 
operations 
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(6). Resulting in nonstandard relay settings. 
(c). Special backup arrangements on relays. 


8. System tests. 


This list is rather imposing. Items 1, 
2, and 4, and the Columbia switching sta- 
tion previously had been planned, but 
even though the load had grown enor- 
mously, lack of materials had stopped all 
construction and expansion except that so 
absolutely necessary that the War Pro- 
duction Board would grant priorities for 
the additions. A few of the foregoing ad- 
ditions and changes are of sufficient inter- 
est to be discussed more in detail. 


Coulee—Covington Line 


Repeated efforts had been made to ob- 
tain a second Coulee—Covington line long 
before anything was known about the 
Hanford Engineer Works’ load; however, 
it had not been approved by the War 
Production Board because of scarcity of 
materials. When it became known that 
the Hanford Engineer Works’ load would 
be connected, approval was expedited. 
However, before this line could be built 
and before the Hanford load was con- 
nected to the system, extremely heavy 
loads were carried on the first Coulee— 
Covington line. A peak value of 240,000- 
kw input at Grand Coulee was obtained. 
A board study previously had determined 
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the static-stability limit of this line when 
connected to the system at Covington 
with two 108,000-kw generators con- 
nected at Grand Coulee at approximately 
265,000-kw input. Hence the foregoing 
loading corresponded to 90 per cent of the 
static limit. For literally days at a time 
the line was loaded to 230,000-kw input 
(210,000-kw output at Covington). Over 
this period several faults occurred on the 
115-kv system in the vicinity of Coving- 
ton but several miles out from the bus. 
Nevertheless, the line was operating so 
near to the stability limit that the two 
generators connected to the line at Grand 
Coulee lost synchronism with the system 
for these faults, even though the fault 
normally would be considered remote 
from the generators. The circuit breaker 
at Grand Coulee would open for these 
conditions while the circuit breaker at 
Covington would remain closed. Further 
investigation showed that the relay char- 
acteristic needed to be modified at Grand 
Coulee to prevent tripping up to the maxi- 
mum transient swing for which this por- 
tion of the system still would remain sta- 
ble. 


System Stability 


With the Hanford load scheduled to be 
added to the Bonneville system, the pro- 
curement of carrier equipment, as well as 
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Figure 4. Im 
ances seen by C 
lee end 
HDX relays 
Coulee — Coving 
line during stabilit 
swings : 


all other materials and equipment needed 
to safeguard that load, became greatly fa- 
cilitated. The original carrier relaying 
equipment consisted of standard distance 
relays (HZ and GCX), high speed carrier 
ground relays, and auxiliary carrier re- 
lays and equipment. These were to be 
arranged in well-known directional com- 
parison schemes for high speed tripping 
of line faults by either first zone or carrier 
relays, and backup by other zones and by 
independent slower directional ground re- 
laying. Ground current balance relays 
also were provided on parallel line sec- 
tions. As mentioned previously, it was 
decided not to use relays which would 
block tripping on out-of-step conditions, 
but to do everything possible to avoid 
transient instability, and in those cases 
where instability was inevitable to per- 
mit the system to split where it would. 
Accordingly, transient stability studies 
were made of the system as shown in Fig- 
ure 8, with the object in mind of deter- 
mining the limit to which the system 
could swing and still remain stable, and 
the critical load and fault conditions 
which would produce such swings. Dur- 
ing these studies the loci of apparent im- 
pedances seen by line relays were plotted 
on R-X diagrams and compared with the 
relay impedance characteristics. 

It was learned that the 230-kv loop 
with generation at some points and loads 
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of a modified tue ate and ‘the 
fied start unit (shown dotted), for 
the wack and HDX relays located at. 
fe and Coulee in a Covington line. 
lo i of impedances, as seen by the relay 
' ig two transient swings, are drawn 

m this figure. Curve A corresponds to a 
fault on a Coulee—Midway line which af- 
ter clearing was found to be stable, but 
the locus very closely approaches the un- 
m odified circle before it turns away. The 
t eversal of direction of this characteristic 
i indicates that transient stability could be 
‘maintained by the system provided the 
ay does not trip. If the impedance had 
4 ee within the start unit circle, unde- 
sirable instantaneous tripping would be 
indicated. Curve B corresponds to a 
fault on one Coulee—Covington line, 
which after clearing was found to produce 
instability, It will be observed that the 
_ relays in the remaining Coulee—Covington 
line will trip this circuit when the appar- 
ent impedance has progressed until it is 
within the start unit circle. Numbers on 
each curve represent cycles elapsed after 
_ the fault first occurred; the first point was 
at 7.5 cycles because of calculating board 
technique. In all these studies, the fault 
_ was assumed cleared at both ends in five 


% 
a 


+ 


Re ae eee Pee OE eee ee See § - 
s, t er a oe ’ 


Figure 5. Imped- 
ances seen by Mid- 
way end HZ relay 
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ne atens as heed aatcie, since the 90- 
degree angle conforms more closely to the 
average impedance angle of BPA 230-kv 


The lines (81/2 depress) than the 60-degree 


angle. 

Another Bivcicg of the transient im- 
pedance characteristics of the system, in 
this case compared with the HZ imped- 
ance relays at the Midway end of a Cou- 
lee-Midway line is shown in Figure 5. 
Curve A represents the impedance seen 
by the relay for a fault on the other 
Coulee—Midway line and is stable since 
the curve reverses direction. The curve 
actually progresses into third zone trip- 
ping (modified to be nondirectional) ex- 
cept that there is a time delay of 45 cy- 
cles before actual tripping can occur, and 
the system has moved out of danger be- 
fore the necessary time can elapse. The 
directional element eliminates the possi- 
bility of the second zone tripping during 
this period. 

Curve B shows corresponding values 
for a fault on a Coulee—Covington line 
which was unstable, It would appear 
that this relay also would trip; however, 
analysis of other relays on the system 
shows that the system breaks up between 
Coulee and Covington and between Mid- 
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120 per cent of the line section. ‘These 


were reduced in order to avoid tripping s sti 


on transient swings from which the eet : 
tem can recover. These swings are ‘shown 
in the figures as impedance loci which re- 
verse direction, and it was to avoid hav- 


ing these swings get within the tripping | 


areas for any appreciable time that the ch 
second and third zone areas were reduced. 


In order to permit the reduced settings _ 


mentioned and at the same time obtain 
as much reach as possible for third zone ~ 
backup time delay relays, these relays 


- were made nondirectional. By this means 


the third zones of all breakers on a bus 
provide backup for any. particular J 
breaker, rather than depending upon | 
remote breakers. They are better able 
to perform this function with the neces- 


sary reduced settings because they are = 


one line section closer to the fault, and 
backup tripping tends to be localized to 
the affected bus section. 


Special Backup Relaying 
A time delay backup arrangement has 


been added in major stations which has 
definite advantages in meeting the re- 
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operates the bus differential auxiliary re- 


lay associated with that breaker in 6 to 12 _ 
'_ eycles after the breaker trip coil has been 
energized. (These are 3-cycle breakers.) 


This scheme tends to isolate trouble be- 
fore second zone operations occur in other 
substations and is consistent with the 
attempt to localize backup tripping to 
the affected station as much as possible. 
Another important aspect of this backup 


feature, in cases where several sources 


can feed into a faulted line, is that it does 


provide backup where the normal type 


of overlapping directional impedance 
relays with time delay would fail to do so. 
The fact that the currents in the unfaulted 


_ lines are small percentages of the total 


fault current, because of multiple feeds, 


makes the impedance apparent to relays 


in the unfaulted lines often much larger 
than the settings of their backup zones. 
Since the normal backup scheme is not 
suited to the conditions, it was decided to 
use the special scheme described, the opera- 
tion of which is initiated directly by the 
failure of the breaker to trip in the faulted 
line. 

In order to provide more reliable serv- 
ice to the Hanford Engineer Works, at 
Midway substation only, the second zone 
distance trip circuits are connected to 
auxiliary relays arranged to trip any se- 
lected group of breakers. Since any sec- 
ond zone operation at Midway probably 
would be accompanied by system insta- 
bility, this arrangement was made so that 
the system could be split to provide serv- 
ice to Midway from at least one line. 

The third zone trip circuits of the 
Coulee and Bonneville lines at Midway 
are wired to trip one of the two bus differ- 
ential auxiliary relays. The selection of 
the particular bus differential auxiliary 
to be tripped is made by directional re- 
lays on the bus sectionalizing breaker. 
Since both Midway-Bonneville lines are 
tripped by either bus differential auxili- 
ary relay, this final backup arrangement 
of the Coulee lines. Similar backup for 
the Hanford lines is provided by in- 
stantaneous overcurrent relays which 
are operated by the sum of the two 
Hanford line currents. These relays cut 
out the third zone trip circuits but 
produce tripping through the directional 
relays and a timer, which is set for a 
longer time than the third zone delay of 
relays on the Hanford circuits. 


Miscellaneous Relay Arrangements 


A 1-cycle time delay has been added to 
all ground carrier trip circuits to decrease 
the possibility of false tripping because of 
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Transfer Tripping Scheme 


Certain network analyzer stability 
studies showed that the loss of both Cou- 
lee—Midway lines, before the installation 
of the Columbia—Midway line, during a 
critically heavy load period might result 
in system instability, that is, Coulee 
would run ahead of Bonneville and sepa- 
rate from the Portland area. Asa result 
of this, Bonneville would be loaded heav- 
ily by the Portland area with resultant 
low voltage and frequency at Midway. 
To safeguard against this contingency, a 
bus sectionalizing breaker has been in- 
stalled at North Bonneville (Figure 3) and 
a transfer tripping scheme arranged which 
can be used to isolate two Bonneville gen- 
erators on the lines to Midway whenever 
both Coulee—Midway lines are opened. 


This scheme is designed to operate as _ 


follows. If either line breaker is opened 
at Coulee, one of two audio tones is trans- 
mitted over the line carrier relaying 
channel to Midway. At Midway, tone 
relay contacts and pallet contacts on the 
Coulee breakers are arranged so that 
whenever both Coulee lines are opened at 
either end an auxiliary relay will initiate 
the transmission of two additional tones, 
both over the two carrier relaying chan- 
nels to Bonneville. At Bonneville the au- 
dio components are filtered and brought 
to their respective tone relays. These re- 
lays have their contacts in series, and are 
also in series with a power directional re- 
lay, which is closed for power flow toward 
Midway, and with a 6-cycle time delay 
relay. This arrangement was made to 
prevent any possible misoperation of the 
transfer trip relays because of arcing on 
disconnects, which can cause the tone re- 
lays to operate. 

To date, system loads have not ap- 
proached the critical condition for which 
this scheme might have been necessary, 
and it actually is not in service. 


Conclusions 


Since the inception of the Hanford En- 
gineer Works’ load on the BPA system, 
no change on the 230-kv system or ad- 
dition of any importance was contem- 
plated without a consideration of its ef- 
fect and the requirements of that load. 
The result has been the development of 
the afore-mentioned transmission and 
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which the system was designed. 
Hanford operators noticed the volt 
at the time, but they continued | ( 
ate normally, apparently without d 
fects. The transfer tripping scheme 
not in service because of a previous ¢ de 
termination that it would be unne 
under present system conditions, that ia 
with the Columbia—Midway line inservice. 

A more severe condition, not a result of 
a line fault, occurred in March 1946, when 
the excitation was lost accidently on five 
Grand Coulee generators, all that were 
operating at that time, and they pulled 
out of step from the rest of the system. 
The result was a drop in frequency to 94 
per cent and in voltage to 72 per cent of 
the normal. Design information on the 
pumps and motors at Hanford indicates 
that even at this lowered voltage and 
frequency, sufficient power could have 
been supplied to keep the pumps operat- 
ing. However, during this disturbance 
the pumping load was taken over auto- 
matically by a standby source of power 
within the Hanford area, thereby avoids 
ing this critical test of apparatus, 

Numerous other line outages, caused 
by a variety of line faults, have occurred 
without incident at Hanford other than 
momentary voltage fluctuations. 

It is difficult to evaluate a transmission 
and relaying scheme when the goal is ab- 
solute continuity of service, Practical de- 
sign considerations have been based on as- 
sumptions of very severe conditions, many 
of infrequent occurrence, through which 
service would have to be maintained, but 
there are always a number of imaginable 
disasters which unavoidably would result 
in loss of service. Generally speaking, it 
is believed that this scheme, as incorpo- 
rated into the system, has met and prob- 
ably will continue to meet the require- 
ments of this load. 
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N electronic frequency meter and 
PF speed regulator has been developed 
© measure and hold the speed of a small 
steam turbine within plus or minus one- 
half of one per cent of any speed between 
10,000 and 100,000 rpm. 

_ This equipment fills a need for precise 
measuring and speed control apparatus 
required in the development and testing 
of very high speed machinery. In addi- 
tion, the new circuits are of such basic 
nature that they readily can serve other 
applications for which no suitable com- 
‘mercial equipment is available. The 
frequency meter in its present form can 
‘be used as a general purpose laboratory 


“instrument for the precise measurement 


of frequency or the accurate indication 
of small deviations from a given fre- 
~ quency. It gives an indication which is 
“stable to about one or two rpm under 
~ normal line voltage variations, and its 
accuracy can be made to approach one- 
- tenth of one per cent. 


y. 


_ 


For use on machinery operating at 


_ speeds up to 100,000 rpm, the measuring 


“ 


instrument must not unbalance (and in 


some cases must not load) the moving 


part; therefore a photoelectric speed 


pickup is employed which requires no 


mechanical connection to the turbine 
shaft. The speed pickup, which can be 


" placed several inches away from the tur- 


pine, merely ‘‘looks at’’ alternate black 


and polished areas on the surface of the 
turbine shaft and produces an electric 
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signal whose frequency is some known 
multiple of the rotational frequency of 
the shaft. 

Then in place of counting the revolu- 
tions per minute of the shaft we have 
the problem of measuring the frequency 
of an electric signal. The frequency 
meter used for this purpose must meet 
the following requirements: 


1. Accurate within plus or minus one-half 
of one per cent or better. 


2. Continuously adjustable over a fre- 
quency range of at least ten to one. 


8. Capable of operating from an input sig- 
nal having a very distorted wave form such 
as would be provided by a photoelectric or 
magnetic pickup. 


4, Capable of providing an error signal 
proportional to deviation from any desired 
frequency to operate a servomechanism for 
regulating the turbine speed. 


None of the commercial frequency 
meters are able to meet all of these re- 
quirements. A new frequency measuring 
circuit therefore has been devised which is 
essentially an electronic frequency meter 
of the recurrent capacitor discharge 
type but modified to operate as a “null- 
balance’ circuit instead of a direct- 
reading device. By this simple modifica- 
tion the accuracy is increased from 
plus or minus two per cent to the order 
of one-tenth of one per cent and means 
are provided for obtaining a d-c or an 
a-c error voltage proportional to varia- 
tion of shaft speed from the desired value. 
This voltage is used for indicating speed 
variations and for automatic speed regula- 
tion. It also operates a protective relay 
which will stop the machine in the event 
of an excessive speed deviation. 


General Description 
The desired speed is set up on a 3-dial 


decade speed selector having increments 
of 10,000, 1,000, and 100 rpm. The dif- 
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ference between selected speed and meas- 
ured speed is called speed error. Its 
magnitude and algebraic sign are indi- 
cated on a large speed error meter, which 
has two ranges: plus or minus 250 rpm 
and plus or minus 1,000 rpm. A small 
speed meter, 0 to 100,000 rpm, is provided 
to show the approximate speed at which 
the turbine is running. 

An electropneumatic servomechanism 
actuated by a speed error signal operates 
a steam control valve to regulate the 
steam pressure at the input to the tur- 
bine and hold the turbine speed at the 
desired value. The servomechanism is 
provided with a proportional air pressure 
“follow-up” and a manual reset control 
called the air pressure control dial. The 
steam control valve also is provided with 
proportional pressure follow-up so that 
the valve reproduces output pressure 
rather than valve position. In addition, 
the speed error signal contains a certain 
amount of error ‘‘anticipation” to mini- 
mize the response time of the system. 
By holding down a ‘“‘bat handle” on the 
control panel the operator at any time 
can disconnect the speed error signal and 
assume manual control of the turbine 
speed, which he regulates by means of the 
air pressure control dial. 

A block diagram of the complete speed 
control system is shown in Figure 1. 
The general scheme of operation is as 
follows: The turbine operator sets the 
speed selector dial to the number of 
revolutions per minute at which he desires 
the turbine torun. By means of the air 
pressure control dial he manually brings 
the turbine up to speed while watching 
the approximate turbine speed indicated 
by the speed meter. When the turbine 
speed comes within 4,000 or 1,000 rpm 
(operator’s choice) of the desired preset 
value, the system switches into auto- 
matic control and the air pressure control 
dial becomes a fine speed adjustment. 
The operator trims the air pressure to 
make the speed error meter stabilize at 
zero. The frequency meter and servo- 
mechanism then hold the speed within 
plus or minus one-half of one per cent 
of the desired value. When a major 
load change is made, the operator re- 
trims the air pressure control dial to re- 
turn the speed error to zero, and the 
system regulates about the new control 
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point. To measure a given speed at 
which the turbine is running, the operator 
adjusts the speed selector until the speed 
error meter read zero, and then reads the 
setting of the speed selector dial. 

If for any reason the actual turbine 
speed goes either above or below the 
selected speed by more than 1,000 or 
4,000 rpm (operator’s choice), automatic 
protection circuits will shut off the steam 
supply and stop the turbine. In addition, 
the turbine automatically will be shut 
down by failure of any of the electric cir- 
cuits. The speed error meter and auto- 
matic protection circuits function regard- 
less of whether the system is in automatic 
or manual control. 

The operator’s control panel is shown 
in Figure 2. At the top is the frequency 
meter chassis with the speed selector in 
the center. On the left is the speed meter 
and an indicator light which shows when 
sufficient speed signal is present. On the 
right is the speed error meter, its range 
switch, and a light which indicates when 
the speed error is less than 1,000 or 4,000 
rpm. Below the frequency meter is a 
panel containing steam and air pressure 
gauges. The next lower chassis contains 
the servo and automatic protection cir- 
cuits, with the ‘‘bat handle” in the center 
and the air pressure control dial on the 
right. At the very bottom is the power 
supply chassis, with switch, fuses, and a 
monitor voltmeter. 

At the present time, the turbine is being 
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driven by high pressure air instead of 
steam, involving no changes, however, in 
the speed control equipment. 


The Basic Frequency 
Measuring Circuit 


The basic null-balance frequency meas- 
uring circuit is shown in Figure 3. It 
consists of a pair of push-pull connected 
triode switching tubes (V; and V2) ca- 
pacitor coupled to a diode bridge rectifier. 
The negative end of the bridge output re- 
sister Rz is grounded to the negative end 
of the common triode cathode resistor Rx 
and the negative side of battery By. 

A square wave voltage, derived by the 
use of suitable shaping or trigger circuits 
from the signal whose frequency is to be 
measured is applied to the input ter- 
minals A and B in such a way that during 
one half-cycle the potential of terminal B 
is sufficiently negative to drive tube V; to 
cutoff. During the period of cutoff no 
voltage drop caused by tube current 
occurs in the resistor R,,, and the capaci- 
tor C; will become charged to approxi- 
mately the potential of battery B;. The 
charging path is from ground, through 
battery B,, resistor R,1, capacitor Ci, 
diode tube V4, rectifier output resistor Rp, 
and back to ground. 

During the next half-cycle the signal 
applied to terminal B is within the oper- 
ating range of tube Vi, and terminal A is 
sufficiently negative to drive tube V2 to 
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cutoff, so that tube V, will conduct 
allow the potential of its anode to drop 
an amount JR,,, where J is the ste: 
state plate current of the tube. The p 
tential across the capacitor C; will drop 
the same amount JR,,, the discharge 
being to ground through tube V; and re 
sistor Rx in parallel with resistor R,; an 
thence back to the capacitor C; throug 
battery B, and diode V5. i 

Since the electronic circuits are sym 


metrical, a similar charging and discharg 


ing of capacitor C, produces identical cu 
rent pulses at alternate half-cycle inte: 
vals of the driving signal voltage, with th 
result that the charging current for th 
capacitors C; and C; flows through the re 
sistor R, in the manner illustrated in Fig 
ure 3a, and the discharging current of 
capacitors C, and C; flowing through t 
resistor Rx takes the form shown in Fig 
ure 3b. The resistor R,, therefore, cat 
ries only the transient charging current ¢ 
capacitors C, and C2, while the resistor R 
carries the steady current of the tubes 1} 
and V2 in addition to part of the transier 
discharge current of the capacitors C; an 
C2. 

In order to utilize this circuit as a fr 
quency meter, it is only necessary to ac 
just discharge resistor Rx so that th 
average voltage developed across this r 
sistor equals the average voltage acro: 
the rectifier output resistor Rz. Whe 
this has been done the voltmeter V wi 
indicate zero. 
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He Aree re 
peaks is only a Frsiction of the total area. 
under the curve shown i in Figure 3b. Con- 
a sequently, the value of the resistor R x te- 
- quired to balance the voltmeter V to zero 


frequency of the signal applied to Hee in- 
put terminals A and B. 

The equation of balance now will be de- 
rived. Since the circuit is symmetrical, 
either of the identical wire-wound re- 
- sistors.Rz: or Rzz can be represented by 
the single symbol R, and either of the 
high-stability mica capacitors C; and C2 
can be represented by the symbol C. R, 
indicates the anode resistance, J the 
steady state anode current of either of the 
tubes V; and V2, f the frequency of the 
signal voltage applied to the terminals A 
and B, Rz the value of the rectifier output 
resistor, and R, the value of the discharge 
resistor required to balance the voltmeter 
V to zero. Each time a capacitor C is 
charged its voltage rises by an amount 
IR, and its charge rises by an amount 
CIR. The number of such charging 
pulses passing through Rg per second is 2f. 
Thus the average voltage across Rzis 


Figure 2. The control cabinet 
2fCIRR»s (1) 


Similarly, it can be shown that the 
Ci average voltage across Rx is 


IRR? 
Rl ———— ]CX2. 2 
a eR) : | a 
If Re is adjusted until the voltmeter V 
reads zero, then these two average volt- 


ages are equal, and 
IR,R? ) | 
2fCIRRzg=Rxl ———— ]}CX2 
f Bp=Kx +{( REE: f 
( 


Solving for f, 
f Rr 
CURRENT = 
4 
IN Re (a) onc| Ree | (4) 
R+Rp+Rx 


Since the expression RRx/(R+R,+ 
Rx) in the denominator varies with Rx 
from zero to a very small percentage of 


CURRENT 
IN Re 


a eT ee yee See Pen ene a em 


> Figure 3. The basic null-balance frequency 


vi 
4 measuring circuit 6Vv6-G 
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WAVE 3 


will be very nearly proportional to the — 


the fesictanre of Ry B athe calibration curve. 
of f as a function of Rx is very pert a 
straight: ea or 


Rx 


2RCRz (5) 


fa 


If the circuit is to be used as a frequency 
meter, it is only necessary to vary the 
discharge resistor Rx until the voltmeter 
V reads zero, and then compute the input 
signal frequency by means of equation 4 
or 5, or obtain the frequency value 
directly from the calibration curve pre- 
viously prepared by comparison with a 
frequency standard. 

Such a circuit can be used as a speed 


regulator control if discharge resistor Rx — 


is adjusted so that the voltmeter V reads 
zero when a pickup device on the shaft 
rotating at the desired speed is supplying 
substantially square wave voltage im- 
pulses via a suitable trigger circuit to the 
signal input terminals A and B. Varia- 
tions in speed of the shaft then will pro- 
duce a pulsating d-c error voltage at the 
output terminals G and H which can be 
smoothed by a suitable electric filter and 
impressed upon a servo amplifier for speed 
control purposes. 

Equation 5 shows that the only com- 
ponents which materially affect the cali- 
bration are the capacitor C and the re- 
sistors Rx, Rg, and R (Ry and Rz, in 
Figure 3). If these components are stable 
and have low temperature-coefficients, 
the performance of the circuit as a fre- 
quency meter or as a speed regulator will 
be accurate and stable. The stability of 
the circuit also is increased by the fact 
that the voltages across resistors Rg and 
Rx are both proportional to the steady 
state anode current J so that variations 
caused by tube characteristics and bat- 
tery voltages cancel out. The battery By 
reduces to a low value the current which 
initial velocities of electrons in the diodes 
would cause to flow through the diodes 
and R,. Changes in the contact poten- 
tials of the tubes resulting from changes 


Figure 4. The single-ended-output frequency 
measuring circuit 


If the frequency of the driving “Sam FREQUENCY El a : ta 
INPUT beep 
applied to terminals A and B is raise ( it ae ey 

the heights and durations of the peaks in 7 GALS 50002} 50000 5000N 
Figures 3a and 3b will not change, but 003 Fe oA ele ding LO og 
will move closer together. The average eeyoe ERROR 
» current through resistor Rz is thus pro- +8 Avene 
- portional to the frequency. However, 5.0 a d 

the average current in resistor Rx is : i ; -} 

| O 


: practically independent of frequency 
because the area of the discharge current 3000 = 
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; holt J call | 
in heater voltage are small compared with 


the charging potential of the battery By. 


Equation 4 shows that moderate varia- 
tions in the anode resistance R, of the 
tubes V; and V2 have only a minor effect 
on the frequency calibration. 


The Single-Ended Frequency 
Measuring Circuit 


The circuit shown in Figure 3 and dis- 
_cussed thus far utilizes a double-ended in- 
put signal balanced to ground and pro- 
duces an error voltage such that neither 
output terminal is grounded. A single- 
ended input can be utilized, if desired, 
by eliminating half of the symmetrical 
capacitor charging and discharging cir- 
cuit, namely, V2, Rr, C2, Ve, Vz, and 
Re. The output circuit can be modified 
to produce an error voltage with one out- 
put terminal grounded, by interchanging 
the wire a (Figure 3) with the voltmeter 
V, so that terminals G and H are joined 
together when the voltmeter is connected 
between terminals E and F. 

The turbine speed control system de- 
scribed in this paper employs the fre- 
quency measuring circuit arranged for a 
double-ended input and grounded out- 
put, as shown in Figure 4. In this modi- 
fied circuit the voltmeter V is connected 
between terminals E and F, and the ter- 
minals G and H are connected together. 
This joins the two measuring resistors Rp 
and Rx at their positive voltage ends 
rather than at their negative ends (as was 
done in Figure 3). In the circuit of Figure 
4 at the bridge output, resistor R, will 
conduct capacitor discharging current in- 
stead of charging current, but the circuit 
performance wili be substantially the same 
as in the basic circuit which is shown in 
Figure 3. 

Also in Figure 4, a milliammeter M has 
been inserted to measure the current in 
Rj. As this current will be proportional to 
the input frequency but subject to errors 
caused by variations in line voltage and 
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frequency meter 


Figure 6 (below). 
The error signal d-c 
amplifier circuit 
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tube characteristics, the meter M is used 
only for an approximate indication of the 
input frequency or speed. But the value 
of Rx required to balance the voltmeter 
V to zero at a given input frequency will 
be independent of variations in line volt- 
age and tube characteristics to an ac- 
curacy approaching one-tenth of one per 
cent. The setting of Rx which gives zero 
output error voltage is used as a precise 
measure of the input frequency. The 
capacitor connected across the cathode 
resistor Rx, and the five RC sections con- 
nected to output terminals E and F serve 
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Figure 7. Schematic 
diagram of the sole- 
noid air valve 
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to filter the pulsating output voltage into 
a steady d-c error signal. 


The Complete Frequency Meter 


A block diagram of the complete fre- 
quency meter is shown in Figure 5. An 
input trigger amplifier converts the low 
level input frequency signal (this can be of 
sine, square, or distorted wave form) into 
high level single-ended square wave which 
is applied to a phase inverter. Output 
from the phase inverter is double-ended 
square wave which drives the two switch- 
ing tubes in the frequency measuring cir- 
cuit. 

Full scale d-c error signal from the fre- 
quency measuring circuit is about 25 volts 
for 100,000-rpm speed error or 0.25 milli- 
volts per revolution per minute deviation 
from the selected speed. In order to 
achieve a measuring and control accuracy 
of plus or minus one-half of one per cent 
if any speed between 10,000 and 100,000 
rpm the circuit should be sufficiently 
sensitive to indicate changes of at least 
0.1 to 0.05 per cent. For 0.1 per cent 
speed deviation the d-c output error volt- 
age is 2.5 millivolts at 10,000 rpm and 
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Figure 8. The servo circuit 


25 millivolts at 100,000 rpm, which is not 
sufficient signal to operate a high re- 


sistance d-c voltmeter directly. There- 


fore the output voltmeter V shown in Fig- 
ures 3 and 4 should be a vacuum tube 


voltmeter, which generally employs an 
_ amplifier to drive a panel type d-c micro- 


ammeter or milliammeter. 


The Error Signal D-C Amplifier 


Because of the instabilities associated 
with conventional direct-coupled ampli- 
fiers a special stabilized, sensitive, dis- 
criminating d-c amplifier was devised for 
use in this frequency meter. This ampli- 
fier utilizes the established technique of 
“chopping” the d-c signal into square 
wave alternating current and passing it 
through a more easily stabilized a-c am- 
plifier; but in addition it employs a 
familiar phase-discriminating rectifier to 
change the alternating current back to 
high level direct current, and incorporates 
d-c negative feedback to produce a high 
degree of over-all stability. 

The circuit of the error signal d-c am- 
plifier is shown in Figure 6. 

The input d-c “chopper”’ is effectively 
a single-pole double-throw mechanical 
switch which opens and closes continu- 
ously at the rate of 60 cycles per second. 
It consists of a vibrating reed contactor 
driven between two stationary contacts 
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by means of a 6.3-volt 60-cycle-per- 
second exciter coil. As the reed oscillates 
between the two fixed contacts it assumes 
the potential of the upper contact for 
approximately one-half of the 1 /60-second 
cycle and the potential of the lower con- 
tact during the other half of the cycle. 
Therefore, when a direct voltage is ap- 
plied between the two fixed contacts it 
will be converted to a 60-cycle-per- 
second square wave voltage across the 
vibrator output impedance connected be- 


Figure 9. The sole- 
noid air valve partly 
disassembled 
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tween the reed and the lower fixed con- 


tact. The output alternating voltage will 
be in phase with the 110-volt 60-cycle- 


per-second line when the applied direct — 


voltage is of a given polarity (say posi- 
tive) and 180 degrees out of phase with 
the line when the input direct current is 
of the opposite polarity (negative). 

Consider for the present that the lower 
fixed contact is grounded. Then the 
amplitude of the 60-cycle-per-second 
square wave from the vibrator will be 
approximately equal to the d-c error volt- 
age and proportional to speed error. The 
phase will reverse when the speed error 
goes through zero. Connected across the 
100,000-ohm vibrator output resistor is a 
0.05-microfarad capacitor which serves to 
by-pass the high frequency transient 
peaks which occur during the ‘‘make”’ 
and “break” switching intervals. 

The low level a-c error voltage is ampli- 
fied in the conventional 6SJ7 stages Vio 
and Vy, and then impressed upon the 
phase-discriminating half-wave rectifier 
V2, which operates as follows: Via the in- 
jection transformer 7;, the 110 volt a-c 
line voltage switches the two diodes of 
Vz on and off at the rate of 60 cycles per 
second and in synchronism with the 60- 
cycle-per-second vibrating reed in the d-c 
“chopper” at the input to the error signal 
amplifier. 

The 60-cycle-per-second speed error 
voltage applied between point a and 
ground cannot reach point b when the 
diodes are cutoff; but during the half- 
cycle of line voltage that the diodes con- 
duct there is a path of finite resistance 
from a to b allowing pulsating direct cur- 
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rent to be fed to capacitor C2; through two 
parallel paths, each consisting of one-half 
of P;, one 75K resistor, one diode, and 
one-half of the secondary winding of 7}. 
(The diodes are balanced so that the 
switching voltage from T, causes no po- 
tential difference between points a and b.) 
Because it comes from the d-c chopper, 
the a-c signal applied to point a is either 
in phase or 180 degrees out of phase with 
the 110-volt 60-cycle-per-second line. If 
a becomes positive when the diode plate 
2 becomes positive the pulsating direct 
current will flow from a to b and through 
C23 to ground, producing across Cy; an out- 
put voltage such that point 6 is positive 
with respect to ground. Similarly if point 
a is driven negative when diode plate 2 is 
negative, then the pulsating direct cur- 
rent will flow from ground through C23 and 
from 5 to a, producing across Cx an out- 
put voltage such that point } is negative 
with respect to ground. Capacitor Cy; 
smooths the pulsating direct current to 
give a steady output voltage of the same 
polarity but greater magnitude than the 
d-c speed error signal applied to the d-c 
chopper at the input to the amplifier. The 
output high level d-c error voltage is im- 
pressed upon the cathode follower Vj; 
which drives the zero-centered speed 
error meter to the right or left of zero to 
indicate positive or negative speed devia- 
tions. 
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By means of a voltage divider con- 
nected across the cathode follower out- 
put terminals, a portion of the d-c output 
voltage is fed back to the lower fixed con- 
tact of the input “‘chopper.”” The circuit 
is phased, by means of 7), so that the po- 
tential at h is of the same polarity as the 
input potential at the upper fixed contact 
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Figure 11. The speed pickup arrangement 
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Figure 10. Tem- 
porary control valve 
installation with tur- 
bine operated by 
high pressure air in- — 


* 


voltage output from the 


amplifier but serves to stabilize the 
fier output against changes in supply 1 
ages and tube characteristics. Th 
amount of feedback, and consequently 1 h 
gain of the amplifier, is adjusted by mean 
of Ps. —e ¢ 

Also connected across the d-c output i 
the on-range relay which actuates th 
automatic protection circuits when th 
speed error exceeds 1,000 or 4,000 rpm 
depending upon the setting of the rang 
switch. When energized it also inserts < 
1.5-megohm protective resistor in serie: 


with the speed error meter. 


The Input Trigger Amplifier 
/ ‘ 

There are various shaping amplifier: 
which can be used to operate the fre 
quency measuring circuit. The one se 
lected for this frequency meter is a new 
reliable ““go-no go”’ circuit. That is, when 
the input speed signal amplitude exceeds 
a critical minimum voltage of about 0.16 
volt (at any frequency from zero to at 
least 5 kc), the amplifier will trigger and 
provide high level square wave output of 
constant amplitude and one-half the in- 
put frequency. If the input signal ampli- 
tude falls below the critical value, the cir- 
cuit will give no output at all. This fea- 
ture is utilized by the automatic protec. 
tion circuits to stop the turbine and sum- 
mon the operator in the event of erratic or 
insufficient input signal from the photo- 
electric speed pickup. 

The circuit diagram is shown in Figure 
13. The input tube Vo is an amplifier 
to feed the required 10,000-ohm input 
to the first trigger tube V;. With the 
plate, cathode, and grid resistance values 
as shown, V; can be set up to have twe 
stable operating points. The bias and 
feed-back resistors are adjusted until the 
tube is operating in one equilibrium con- 
dition and almost at the point where it 
will change to the second equilibrium 
condition, Then a small input signal will 
trigger the tube from one operating con- 
dition to the other. Output can be taken 
between ground and either the plate or 
the number 2 grid. 

Although the tube will be triggered by 
either a rising or decreasing wave front 
as soon as the amplitude crosses a given 
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1 grid adds to the nelle opera- 


‘The output frou ey Cee 2 ma of 
V; has squared sides but not a perfectly 
flat top and bottom. This signal is dif- 
erentiated in the output R-C branch (25 
micromicrofarads, 10,000 ohms) to obtain 
harp pulses for tripping a second trigger 
U u be. V3. % 

_ The differentiated output appears at 

the number 1 grid of V2 as a series of al- 

ternate positive and negative pulses. 

But the timeinterval between a given posi- 

tive pulse and the adjacent negative 

‘pulse might be different in length from 

the interval between the negative pulse 

and the following positive pulse if the 

a input signal has unequal positive 

ie nd negative half cycles such as might be 

‘provided by a photoelectric speed pickup. 

% herefore the blanking amplifier V2 re- 

_moves alternate pulses (by successive 

4 positive and negative blanking), produc- 

_ ing at its second cathode a new series of 

_ equidistant pulses that are positive only. 

These are differentiated in the output 

-R-C branch (10 micromicrofarads, 500,- 

000 ohms) to obtain very sharp double- 

Z ended pulses which are used to fire the 

: second trigger tube V3. A given pulse 
_ triggers the tube in one direction and the 
following pulse trips it in the opposite 

3 direction. The resultant output from V3 

As a good square wave voltage having 

equal positive and negative half cycles. 

_ Its frequency is exactly half that of the 
,} input speed signal. This single ended 

_ square wave is fed to a 6N7-G phase in- 
: verter which produces double-ended 
_ square wave to drive the two switching 
tubes V; and V2 in the frequency measur- 
ing circuit. 

_ The Servomechanism 

As shown in Figure 1, the diaphragm- 
actuated steam control valve is operated 
by an electropneumatic servomechanism, 
which receives 60-cycle-per-second speed 
error signal from the frequency meter unit. 

_ To supply regulated air to the steam 
control valve, at 0 to 100 pounds per 
square inch, the servomechanism utilizes 
a solenoid air valve shown schematically 
in Figure 7. 

The air valve contains a balanced arma- 
ture that slides in a cylinder which is pro- 
vided with an annular metering port on 
each end and a central ‘‘controlled pres- 
sure” outlet connected to the diaphragm 
chamber of the steam control valve. At 


a 
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Figure 12. The phototube assembly 


each end of the cylinder housing, a sole- 
noid and adjustable spring assembly is 
provided to position the armature within 
the cylinder. When the armature is 
moved to the right far enough to open the 
inlet port, high pressure air will flow 
around the undercut middle section of the 
armature and through the center outlet to 
the diaphragm of the steam control valve. 
The pressure built up in the diaphragm 
chamber will depend upon how much and 
how long the inlet port is open. When the 
armature is returned to the neutral posi- 
tion so that both ports are closed, the 
output pressure will remain at the built- 
up value until the armature is moved to 
the left to open the exhaust port or until 
the air leaks out around the armature 
bearing surfaces. Thus by proper posi- 
tioning of the armature, the output pres- 
sttre can be set to any value between 0 and 
100 pounds per square inch. 

Each of the solenoid coils is connected 
as the plate load of a 6L6 power output 
tube in a phase-discriminating servo 


amplifier shown in Riadte 8. The two 6L6 
plate circuits are energized, 180 degrees 
out of phase, by the 60-cycle-per-second 


line via the high voltage transformer T 


whose secondary is grounded at its center- 
tap. At zero a-c input to the 6L6 grids, 
the tubes are balanced to supply equal 
plate currents to the two solenoid coils. 
A 60-cycle-per-second error signal applied 
_to the grids such that it is in phase with 
the plate voltage of the upper tube will be 
out of phase with the plate voltage of the 
lower tube; therefore the plate current of 
the upper tube will increase and that of 
the lower tube will decrease. This will re- 
sult in a differential magnetic pull on the 


_ valve armature, which will move the arma- 


ture toward the inlet port to increase the 
output air pressure. Similarly, if the 
phase of the input error signal is reversed, 
the lower tube will conduct more plate 
current than the upper one, moving the 
armature toward the exhaust port to de- 
crease the output air pressure. 

The current in each solenoid is half- 
wave rectified 60 - cycle - per - second, 
partly smoothed by means of a 0.5-micro- | 
farad shunt capacitor. _ The remaining a-c 
component of coil current is utilized to 
buzz the armature at 60 cycles per second 
and minimize static friction in the valve 
bearings. A portion of the second-har- 
monic cathode voltage is fed back to the 
input voltage amplifier to provide added 
stability and an over-all gain control. 

The 60-cycle-per-second sine-wave in- 
put to the servo amplifier consists of speed 
error signal (coming in through a “‘controk 
sensitivity” attenuator and the bat handle 
switch) in series with air pressure follow- 
up signal (from the pressure gauge bridge 
circuit via transformer T;). The electro- 
magnetic pressure gauge consists of two 


Figure 13 The input trigger amplifier 
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J. D. McCRUMM 
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RREVENTION of ice formation on the 

aircraft windshield presents difficult 
problems. In addition to optical quality, 
the thermal and structural characteristics 
of suitable transparent materials, such as 
glass and certain plastics, must be given 
careful consideration. Further, an im- 
portant design criterion for an aircraft 
windshield is its ability to withstand im- 
pact loads such as those which result 
when a large bird strikes the windshield. 
Contemporary windshield design practice 
usually calls for a laminated structure, 
commonly consisting of a layer of poly- 
vinyl butyral, encased between two 
plates of tempered glass. The impact re- 
sistance of such a construction has been 
shown to be dependent upon the vinyl 
temperature, the optimum temperature 
being of the order of 110 degrees Fahren- 
heit. Direct correlation thus exists be- 
tween impact resistance and anti-icing 
ability in windshield design. The regula- 
tions of the Civil Aeronautics Board 
specify that the windshield and support- 
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ing structure of a transport airplane shall 
be designed to resist the impact of a 4- 
pound bird when the airplane is flying at 
sea level cruising speed.1 It is apparent, 
therefore, that it may be necessary to 
supply heat to a laminated windshield 
continuously, regardless of the prevalence 
of icing conditions, and further that the 
amount of heat must be controlled within 
the limits specified by impact resistance 


as well as deicing. 


Five schemes. or combinations thereof 
have been advanced for the prevention of 
ice formation on the windshield: 


1. Fluid and wiper. 
2. Hot air. 


3. Resistance wires embedded in the wind- 
shield. 


4. Radiant heat (infrared). 


5. A transparent electrically-conductive 
coating. 


It is the purpose of this paper to ex- 
amine the basic considerations for the de- 
sign of a windshield anti-icing system, and 
to discuss in some detail the pertinent 
characteristics peculiar to each scheme. 
The design will be considered primarily as 
a windshield ice-prevention problem, with 
impact resistance as the major secondary 
consideration. 


Heat Requirements 


Thermal energy is removed in several 
ways from a heated windshield whichis 
being flown in an icing environment, 
Assuming flight through a dense forma- 


nS OC EE 


similar coils whose inductances are varied 
equal amounts but in opposite directions 
by changes in servo output air pressure. 
These coils are connected along with the 
air pressure control dial into a 60-cycle- 
per-second bridge circuit. By means of 
the air pressure control dial, the bridge 
can be balanced to zero at any given 
‘operating air pressure. Then any change 
in pressure will produce a bridge unbal- 
ance and a proportional output error 
voltage, which will energize the servo 
amplifier to return the air pressure 
to its original value and rebalance the 
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bridge. If, however, the air pressure con- 
trol dial is displaced, the servo will 
stabilize the output pressure at the new 
value required to rebalance the bridge at 
the new setting of the control dial. 

By means of the resistor R; and ca- 
pacitor C3; the follow-up voltage at the 
secondary of 7; is phased exactly with the 
speed error signal from frequency meter. 

When the bat handle is held down, the 
speed error signal is disconnected and the 
servo responds only to the bridge circuit, 
so that the air pressure control dial can 
be used for manual speed control. 
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1. The loss forced. conveetion and rad 
tion. i 

2. The heat OF liquid Beale nt to 
temperature of the water a a s 
the surface. - i“ 
8. The loss by evaporation of that por 
of water required to maintain 100 t 
vapor saturation in heggatace, boun 
layer. 
4. The edge losses by conduction to 
structure. 


A fifth category, kinetic heating,* chal 
be considered, representing a gain of he: 

The relative importance of kinetic hee 
ing is dependent upon the amount of fr 
water in the cloud. For a low water de 
sity and small droplets, the droplets m 
be evaporated entirely before they stri 
the windshield surface. For a high 
water concentration, water will strike t) 
surface and at once be vaporized so th 
the surface remains dry; in this case, t! 
kinetic heat equals or exceeds the he 
losses. Insufficient kinetic heating 
characterized by a sharp reduction in tl 
temperature of the surface (with a cons 
quent icing over) unless auxiliary heat 
supplied. Complete wetting of the su 
face will be brought about by a relative 
high concentration of water, and all fr 
factors plus auxiliary heat achieve ir 
portance in an anti-icing heat balan 
analysis. 

The relative magnitude of the therm 
losses for a given airplane and windshie 
are dependent upon the outside air ter 
perature, water droplet size, amount | 
water per unit volume, altitude, and ai 
craft velocity. Two other determinir 
factors, the surface boundary layer v 
locity distribution and amount of wat 
catch, are influenced by those structur 
conditions which determine the aer 
dynamic flow characteristics over tl 
windshield. Briefly consider each pr 
viously mentioned heat loss. 

Loss by forced convection in wet air 
greater than in dry air because of tl 
higher specific heat of wet air; the radi 
tion loss is relatively small. The heat ; 
liquid required to raise the water temper: 
ture is dependent upon the amount | 
water catch on the windshield and tl 
temperature differential through which 
israised. The loss by heat of evaporatic 


* In wet air Prandtl’s number approaches unit 
and kinetic heating becomes proportional to t) 
airplane velocity squared, 
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wires more detailed explanation. 
temperature of the air in the boundary 
yer over the windshield increases, be- 
ause of the acquisition of auxiliary heat, 
possesses a greater ability to absorb 
er. If the air at the initial tempera- 
re is considered 100 per cent saturated, 
lower degree of saturation will exist at 
higher temperature. Because of the 
esulting differential vapor pressure con- 
tions, liquid will be evaporated from the 
er droplets and the wet windshield 
face, and a considerable amount of 
hermal energy will be extracted in the 
process. Loss by conduction at the frame 
a function of the frame configuration 
ad thermal contact at the glass edge. 


The temperature specifications for 
maximum impact strength have been 
mentioned. Figure 1, taken from refer- 
mce 2, indicates a maximum strength 
when the vinyl plastic is maintained at 
110 degrees Fahrenheit, but little devia- 
tion from the maximum strength results 
over a temperature range of from 100 to 
120 degrees Fahrenheit. When the vinyl 
is at a temperature corresponding to that 
of cabin air, say 70 degrees Fahrenheit, 
the impact strength based on penetration 
velocity is reduced by about 45 per cent. 
‘This is a serious diminution. The data of 
Figure 1 refer to a specific windshield and 
frame design. Other similar designs will 
have different absolute maximum impact 
resistance, but the maximum will occur at 
about the same vinyl temperature. 


_ It is evident that if impact resistance be 
‘considered a design criterion of an anti- 
icing windshield, the thermal require- 
‘ments will be influenced accordingly. 
This is particularly true when the time 
‘schedule of operation is considered, since 
adequate impact resistance may require 
application of heat continuously while the 
airplane is in flight; anti-icing may be re- 
“quired only at infrequent intervals. The 
‘relative heat demand is modified by varia- 
tions in glass and vinyl thickness, method 
of heat application, and plane at which 
heat is developed initially, as well as dif- 
ferences in the flight atmosphere. 


Design Considerations 


- Definite factors influence the adoption 
and design of a windshield anti-icing 
“scheme: 


1. Anti-icing ability. 


2. Impact resistance. Proper structural 
‘design is involved, possibly supplemented 
by heat. 


8. Weight. 


4. Optical properties. Freedom from an- 
noying reflections, adequate light transmis- 
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sion, freedom from optical distortion, and 


_ so forth, are necessary. 


5. Easeofcontrol. The arrangement must 
lend itself to a reasonably simple and reliable 
control system with rapid response charac- 
teristics. ' 


6. Transient thermal properties. The sys- 
tem should be able to commence effective 
anti-icing quickly from an initially unen- 
ergized state. 


7. Structural factors. Depending upon 
the source of heat, the structure must be 
adapted to the primary needs of the system. 
A simple structural and interior layout is 
desirable. 


‘ 


8. Fundamental means for ice prevention. . 


Other than fluid deicing, four thermal sys- 
tems are available. Selection of a system 
must include consideration of the influence 
of the deicing system on the functional be- 
havior of other components of the airplane. 


9. Reliability and safety. 


10. Aerodynamic considerations. The ve- 
locity distribution over the windshield sur- 
face and the amount of water catch will be 
determined by the air flow characteristics 
over the nose and upper front fuselage. 
Thermal requirements are affected directly. 


11. Pilot comfort. A high temperature 
at the inner windshield surface will result 
in excessive radiant heat on the pilot. 
Discharging large amounts of warm air in 
the cockpit enclosure from a hot air system 
is likewise undesirable. 


12. Maintenance and ease of servicing. 


13. Fabrication of windshield. A means of 
ice removal requiring a panel difficult to 
manufacture and correspondingly costly is 
to be avoided. Replacement as well as 
initial cost would be high. 


14. Defogging and defrosting. Collection 
of fog or frost on the interior windshield 
surface also must be avoided, the simplest 
means being to maintain the inner surface 
above the dew point temperature for the 
given cockpit air humidity, density, and 
temperature. 


Miscellaneous factors arise from other 
sources. For example, one air line is con- 
sidering the addition of a thermal deicing 
system on a modified Douglas C-54 air- 
plane. Since the line figures a revenue loss 
of over 1,000 dollars for each day the air- 
plane is out of service, a system which can 
be installed quickly is highly desirable, 
even though a weight penalty of several 
pounds is exacted. 

A discussion of the possible methods of 
supplying heat to the windshield will 
assist in forming a decision as to the most 
desirable scheme for a given airplane. 


Nonelectrical Methods 


Two nonelectrical deicing systems are in 
common use and will be discussed briefly 
for comparison with electrical methods. 
The earliest and most widely used method 
consists of a mechanical wiper which also 
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distributes an alcohol fluid freezing point 
depressant over the wiping surface. 
There are definite limits to the deicing 
ability, and of course no protection at all 


. is afforded after the supply of fluid is ex- 


hausted. The system is, however, simple 
and reasonably light in weight, and may 
be applied readily to most structural con- 
figurations without modification. Curved 
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Figure 1. Variation of bird penetration 


velocity with temperature of a laminated glass 
and vinyl plastic windshield ‘ 


windshields present an obvious problem, 
Other advantages and disadvantages are 
evident and will not be enumerated. 

Hot air anti-icing has received much 
attention since 1940.2 The most com- 
monly used arrangement consists of two 
panes with an air gap of from 0.1 to 0.2 
inch. The heated air is introduced at one 
edge, passes between the two panels, and 
is discharged directly into the cockpit, 
over other windows for defogging, or else- 
where. The inner panel is usually of im- 
pact resistant construction and the outer 
designed for maximum heat transfer con- 
sistent with adequate strength. One 
heated air scheme introduces the air to 
the windshield on the outside surface in 
the form of an artificial boundary layer. 

The hot air system is reasonably light 
in weight, although the weight of a second 
panel is appreciable. Optically, the 
double windshield is poorer than a single 
pane arrangement because of the multi- 
plicity of light images, both transmitted 
and reflected, occasioned by the two addi- 
tional prime surfaces. A distinct dis- 
advantage is the high temperature and 
mass of air flow required to provide the 
necessary thermal energy for combatting 
a severe icing atmosphere. This may 
overheat any vinyl plastic present, caus- 
ing permanent small bubbles to form, and 
also appreciably reduce the impact 
strength of a laminated panel. Further, 
the resulting hot inner surface radiates 
excessive heat to the pilot’s face. The 
glass may crack because of the high ther- 
mal gradients. However, the system has 
been adopted for numerous military and 
commercial aircraft, largely because of 
the relative ease in obtaining heated air, 
either from waste exhaust heat or primary 
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Embedded ies 


he the “st Burien electrica 


. method of developing heat at the ee 
; shield surface is by means of embedded — 


resistance wires. This idea is not new. 
Rodert describes experiments in which a 
series of wires were mounted in a space 
between two glass panels with the inter- 


vening region filled with liquid ethylene — 


glycol. The method proved unsatisfac- 


~ tory because of the difficulty in sealing the 


configuration against leaks of glycol 
liquid. A windshield of laminar con- 
struction with a layer of vinyl plastic 
sandwiched between two panes of 
tempered glass conceivably could have 
wires embedded in either the glass or the 
vinyl. Because of fabrication difficulties, 
however, it is impracticable to embed the 
wires in the glass. One air frame manu- 
facturer has intensively pursued an in- 
vestigation of panels having the fine wires 
situated at the interface of the glass and 


plastic. 


The wires must be of a material which 
can be drawn to a diameter of about one 
mil or less and still possess adequate ten- 
sile strength. The resistance must be 
correlated with the required deicing power 
per square foot, wire spacing, and oper- 
ating voltage. The wire surface should be 
dull to avoid reflections. Several ma- 
terials are suitable, such as copper, pla- 
tinum, copper encased in platinum for 
strength, beryllium-copper, or nickel. 
During manufacture the wites are bonded 
to the vinyl while under tension. Wire 


buckling and kinking thus is prevented 


both during panel fabrication and while 
being heated electrically. The ends are 
soldered to a bus, usually running hori- 
zontally at the top and bottom of the 
windshield with the wires contained 
vertically. Visual distraction is less with 
this arrangement than with the wires 
mounted horizontally. 

A typical design will be described. 
Beryllium-copper wire one mil in di- 
ameter is embedded at or very near the 
interface between the outer pane and the 
vinyl. The thicknesses of glass and 
plastic depend upon the impact strength 
desired, except that a sufficiently thick 
front glass pane is required to permit a 
uniform temperature distribution over 
the outer face. Three-quarter tempered 
glass panels 3/16 inch thick, with 1/8 inch 
to 1/4 inch vinyl are typical dimensions 
for a windshield 15 inches by 30 inches 
over-all, Assuming an anti-icing heat de- 


788 TRANSACTIONS 


IN 


BTU PER HOUR P 
ER MICRON WAVE LENC 


a3 


tcl 


INTENSITY x 10 
SQUARE FOOT P 


—1850 DEGREES + 
_ FAHRENHEIT | 


——- 


Co) 4 fae hae py 

7 WAVE LENGTH — rap we 

Figure 2. Dependence of radiation intensity 
upon wave length for a black body — 


mand of 1,740 Btu per hour per cate 
foot with a five-per-cent loss into the 
pilot enclosure, 535 watts per square foot 
must be developed by the heated wires. 
Mounting the wires vertically, and allow- 
ing a one-half-inch-wide horizontal bus at 
top and bottom, the wires will be 14 
inches long. One mil beryllium-copper 
has a resistance of about 60 ohms per foot, 
and at 27 volts each wire will dissipate 
10.4 watts. Thus 60 wires will be neces- 
cary per foot of panel, or a wire spacing of 
0.2 inch. 

A German windshield, reported by a 
technical observer of the ‘Combined 
Intelligence Objectives Subcommittee” 
under the British and United States 
Armies, is described as having 0.015 
millimeter (0.6 mil) of copper wire embed- 
ded in a plastic middle layer, with a very 
narrow spacing of the order of 0.05 inch. 

The deicing ability of an embedded 
wire panel should be good, but will be 
limited by the temperature developed in 
the vinyl. Exceeding the temperature for 
maximum impact strength is one consider- 
ation; another is a 200-degree-Fahrenheit 
limit imposed by the tendency of the 
plasticizer to vaporize above this tempera- 
ture, forming permanent small bubbles. 
Values much higher than the critical limit 
for bubble formation must be developed 
at the wire surfaces to produce a lower 
required average vinyl temperature. 

The important factors favoring hot 
wire windshields are the light weight 
associated with operation on 28 volts, 
their reliability, and the efficient manner 
in which the developed heat energy is 
dissipated. 

The disadvantages of the scheme are 
fundamental and_ serious. Optically, 
there are two deterrents. First is the 
necessity for looking through the closely 
spaced fine wires with the concomitant 
eye fatigue. Viewed from a distance of 
two feet, with eyes focused on objects be- 
yond the windshield, the visual distrac- 
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windshield difficult and ex 


_If the necessity for supplying heat 


and defogging) or the inadvisability 
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iisine usd for impact mie urt 
establishes the seriousness of the situat 
The necessary construction ren 


manufacture, and the deicing abilit 
limited by local overheating of the vii 


clear air conditions (for impact strength 


so doing (because of distortion) are dis 
regarded, a complication is introduced by 
the thermal lag of the system. The time 
which elapses between the application ‘ 
power and the inception of ice remov: 

could be serious in an emergency. 


Infrared Radiation 


tially refine 


Radiant thermal energy directed on a 
solid body will be absorbed to a varying 
degree. Most solids are sensibly opaque 
to infrared radiation, but because of the 
characteristic similarity between energy 
in the visible spectrum and in the near 
infrared spectrum, visually transparent 
substances such as windshield constitu- 
ents will pass a certain portion of the 
energy entering the surface. Because of 
surface reflection, only a part of the radia- 
tion impinging on the surface will enter 
any material. 

The amount of energy reflected or ab- 
sorbed by a receiver is a function of the 
wave length of the radiations emitted by 
the source. The visible spectrum is in- 
cluded within the range of from 0.35 to 
0.8 micron, The infrared spectrum is 
divided arbitrarily into the near infrared 
spectrum ranging from 0.8 micron to 
around 25 microns, and the far infrared 
spectrum ranging above 25 microns. In 
general, thermal radiation at all wave 
lengths is emitted by hot solid bodies, 
the total emission depending upon the 
temperature, the material, and the con- 
dition of the surface. Typical radiation 
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in Figure 2. A ‘small fraction of 
le otal energy i is in the visible: range but 
he greatest portion is in the near infrared 
rum, At higher temperatures the 


ve length, the position of the maximum 
eing inversely proportional to the abso- 
ute temperature. 

The dependence upon wave length of 
the total energy absorbed by an optically 
ransparent receiver is indicated in Figure 
. Ordinary glass and vinyl plastic 
eadily pass the visible frequencies. The 
very near infrared spectrum is largely 
gassed by the glass, but strongly ab- 
orbed by the vinyl. Thermal radiation 
t frequencies above 2.8 microns is ab- 
orbed by both materials. Special glasses 
re available which are opaque to visible 
diation, but which transmit most of the 
nfrared rays from one to four microns. 
Conversely, others transmit most of the 
visible rays, but strongly absorb all wave 
lengths above 0.8 micron. 


- An anti-icing scheme using infrared rays 
‘is apparent. A grid consisting of electri- 
ally heated wires or a series of specially 
constructed radiant heat lamps are prac- 
tical as a source. A polished metal re- 
-flector will assist in concentrating or dis- 
tributing the energy on the windshield. 
‘An infrared filter may be incorporated, 
. depending upon the amount of visible 
light developed (a direct function of 
ee temperature) and the necessity for 
eliminating it. Directing the radiation on 
- the windshield will cause it to rise in tem- 
“perattire, and if sufficient energy is sup- 
plied, effective ice prevention may be 
accomplished. 
_ Most of the heat is developed within 
the windshield because of the relatively 
‘strong absorptive characteristic of the 
vinyl. The proportional amount for a 
“specific case may be determined from 
Figure 3. The heat then is transmitted 
- _by conduction to the outside. The 
amount of energy passing on through the 
_ assembly may be reduced by using a heat 
A absorbing glass as the outer pane, thus 
collecting more heat energy in this plane. 
However, radiation energy passing com- 
pletely through the windshield will be 
~ absorbed by ice or water which may have 
collected on the surface. Laboratory 
_ tests show that a layer of ice so irradiated 
tends to “‘mush-up”’ and melt throughout 
the layer, a phenomenon readily ex- 
plained by the penetrating power of the 
radiation. 

A similar layer melted only by 
“heat conducted through the glass dis- 
plays a tendency to melt away at the 
glass surface, leaving an ice bridge over 
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ures \ ‘the windshield but separated from it by a 
small air or water filled space. 


Suitably locating the source of the in- 
frared rays is one of the major problems 
presented by this system. Pilot vision 
must not be impaired, but a reasonably 
uniform distribution of heat must be se- 
cured. These conditions are difficult to 
meet except for highly sloping wind- 
shields, since the incident radiation should 
strike the windshield at as near 90 degrees 
as possible. Any solution for windshield 
configurations similar to the DC-3 or 
DC-6 is apt to be awkward, and require 
considerable skill in overcoming the in- 
herent spatial problem. The ratio of 
source space required to power emanated 
is of the order of one to two cubic inches 
per watt. The applicability of radiant 
heating thus is seen to be greatly depend- 
ent upon the structural configuration of 
the cockpit. 

One answer to the space question is to 
locate the source outside of the airplane. 
Some form of retractable mounting for 
hermetically sealed source could be em- 
ployed in conjunction with a filter to 
eliminate the visible light. The slope of 
the windshield may make it desirable to 
mount the source above the windshield 
rather than on the nose. This or other 
factors combined with the high space-to- 
power ratio again emphasize the funda- 
mental awkwardness of the scheme based 
on infrared radiation. 

Advantages of a radiant heating scheme 
are light weight and ability to operate on 
28 volts. A special windshield design is 
unnecessary, and the appropriate plastic 
temperature for satisfactory impact 
strength may be maintained, although 
this temperature will not be synonymous 
with the all anti-icing heat requirements. 
Indeed, because of the absorbtive 
capacity of the vinyl in the near infrared 
spectrum and its low thermal conduc- 
tivity, an inside source may overheat 
seriously the inner plane of plastic in an 
attempt to transmit sufficient heat to the 
outer glass. 

Major disadvantages are the cumbrous 
installation demands, the difficulty of ob- 
taining even heat distribution over the 
windshield, and the fire hazard inherent 
in operating the source at a suitably high 
temperature. The over-all energy ef- 
ficiency is poor because of heat losses at 
the source by convection and conduction 
plus the loss in a filter should one be 
necessary. There are also practical limits 
to the amount of heat energy that can be 
developed by the source, and to the 
amount the windshield can absorb with- 
out undue temperature gradients within 
the glass and vinyl sections. The former 
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condition i is more of a limitation than “ine 
latter, and is related to the space and 
safety requirements and thermal effici- 
ency. Hither factor may make it impos- 
sible for the infrared radiation system to 


provide sufficient protection against the — 


expected icing environment. 
Transparent Electric Conductor 


A transparent electrically conductive 
coating on glass, a coating of unique 


properties, recently has been developed 


and introduced by a major glass manu- 
facturer.* The importance and applica- 
tion of such a coating for windshield de- 
icing is at once obvious. A coating of 
this general description is not new; a film 
of high electrical resistance has been used 
in the past on glass surfaces for the pre- 
vention of electric charge collection, or 
electrostatic shielding. The new coating, 
however, exhibits the very important ad- 
vantages of relatively low resistance and 
indestructibility. Instead of resistivities 
of the order of megohms, the new so-called 
NESA coating, can be produced with a 
resistivity as low as 100 to 120 ohms per 
square, this being the resistance measured 
between opposite sides of a square sheet 
of any linear dimension. Some idea of the 
thinness of the NESA coating is gained 
by considering that a film of copper hav- 
ing a resistivity of 100 ohms per square 
would be only seven billionths of an inch 
thick (assuming that the dimensional 
resistance properties are maintained for 
very thin sections, which may not be the 
case). This is about 0.03 of one per cent 
of the wave length of light. 

The exact nature of the NESA film is 
not known to the author, but its physical 
properties and limitations can be de- 
scribed. The basic material is applied to 
a glass surface and processed at relatively 
high temperatures. It cannot be applied 
to such materials as Plexiglas (because of 
the high processing temperature, and 
possibly other factors). The film has ex- 
cellent abrasive resistance properties, be- 
ing of the nature of the glass itself. The 
coated glass may be partially tempered, 
but a high temper presents some difficul- 
ties. A laminated panel can be made with 
the coating next to the vinyl plastic if so 
desired. A NESA coating within a 
laminated panel will introduce a loss in 
light transmission of around four per cent 
largely by reflection loss caused by the 
difference in the index of refraction of the 
glass or vinyl and the NESA. A coating 
on the outer glass surface will double this 
loss and occasion more objectionable re- 


flections. The index of refraction of the 
ES a Sa ee 
* The Pittsburgh Plate Glass Company. 
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NESA is approximately two. When 
viewed by transmitted light, the panel 
imparts no noticeable reflections or color. 
By reflected light, the reflections from the 
NESA surface are sharp and possess a 
greenish or reddish caste. The coating 
appears mottled under close inspection 
and formed of small splotches reflecting 
red and green. 

Electrical connection is eaitehed by 
means of a narrow opaque bus applied as 
a coating to the surface of the NESA film 
and usually running lengthwise along 
opposite edges of a panel. A copper strip 
may be soldered to the bus and brought 
out to serve as a terminal connection 
point. 

The uniformity of the NESA coating 
on an aircraft windshield is important, 
since a nonuniform film will produce 
localized hot and cold spots. Several 
large laminated panels, with the coat- 
ing either on the outer glass surface 
or next to the vinyl, have been labo- 
ratory tested for thermal variance. 
The results show a maximum deviation 
from the average of about plus or minus 
three degrees Fahrenheit for spot checks 
at points two inches apart over the entire 
windshield surface. These data were ob- 
tained with the horizontally mounted 
panel in still air with a steady state aver- 
age surface temperature of approximately 
100 degrees Fahrenheit. 


A windshield has been designed for a 
pressurized Douglas airplane which is ex- 
pected to provide freedom from icing 
under the most severe anticipated condi- 
tions at any operating speed or altitude of 
the plane. Further, impact resistance of 
significant excess over the minimum re- 
quirement may be incorporated at all 
times. The panel is approximately 13 
inches wide, 28 inches long at the top and 
31 inches long at the bottom. A maxi- 
mum power of 3,100 Btu per hour per 
_ square foot is to be dissipated by the 
NESA film which has a resistivity of 120 
ohms per square. The heat requirement 
was computed by methods previously 
described as that required to anti-ice for 
the severest expected atmospheric con- 
ditions at minus ten degrees Fahrenheit, 
sea level, and 270 miles per hour, and 
assuming that the outer surface of the 
windshield is maintained at 35 degrees 
Fahrenheit. The average vinyl tempera- 
ture will be controlled at 110 degrees plus 
or minus ten degrees Fahrenheit for 
greatest impact strength, and will not ex- 
ceed 125 degrees Fahrenheit under this 
maximum power demand condition, 

First considerations in the design were 
the location of the NESA layer, and the 
glass and vinyl thicknesses. For the most 
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' Figure 3. Transmission characteristics as a 


function of wave length 


A—Polished plate glass, 6.17 millimeters 
B—Vinyl plastic, 3.1 millimeters 
C—Laminated panel, 0.120-inch vinyl plastic 
encased between two 7/g-inch glass panes 


rapid response and most effective deicing, 
the coating should be put on the wind- 
shield outer surface. This, however, in- 
troduced the problem of protecting the 
bus from abrasion, a safety hazard be- 
cause of the exposed coating, and neces- 
sitated other means, such as another in- 
terior coating, for maintaining a warm 
vinyl and for defogging. The best com- 
promise was a NESA coating on the inner 
surface of the outer pane. The power of 
3,100 Btu per hour per square foot will be 
conducted through the outer pane at a 
negative temperature gradient of 465 de- 
grees per inch, neglecting edge conditions. 
A glass panel 3/16 inch thick will transmit 
this thermal energy at a temperature dif- 
ference of 87 degrees Fahrenheit, thus re- 
quiring 122 degrees Fahrenheit at the 
vinyl-glass interface, a figure which is 
approximately the upper limit for maxi- 
mum impact strength. A thinner front 
pane would be satisfactory thermally and 
more desirable from the standpoint of 
rapid transient response, but strength and 
glass temper considerations lead to the 
selection of the greater thickness. The 
same thickness was adopted for the inner 
pane, and 1/8 to 3/16 inch adopted for the 
vinyl. The temperature difference across 
the vinyl under operating conditions will 
be only a few degrees. 

The described windshield incorporates a 
5/16-inch bus running horizontally at the 
top and bottom edges behind the mount- 
ing frame. The heated area is 2.65 square 
feet requiring 2.4 kw at 3,100 Btu per 
hour per square foot. This amount of 
power will be developed by 350 volts for a 
coating resistivity of 120 ohms per square. 

Control may be effected by maintaining 
a vinyl temperature appropriate for high 
impact resistance. At 110 degrees Fahr- 
enheit nearly all icing environment can be 
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in pilot aaa he a warm Bee 
eral schemes for control have | De 
vanced which will not be enume 
here. The design will depend | lar 
upon the following three factors: _ 


1. The source of electric power and type 
generating equipment. Ae 
2. The type of temperature sensing eleme 
incorporated with the windshield. : 
3. The transient thermal response of 

windshield and associated components. — 


At the maximum flying speed in co 
clear air, sufficient power must be su 
plied to the windshield to maintain tl 
optimum vinyl temperature. The pr 
viously quoted figure of 3,100 Btu Ps 
hour per square foot will suffice to maiz 
tain a vinyl temperature of 120 degree 
Fahrenheit for an outside air temperatut 


of minus 70 degrees Fahrenheit at 27 


miles per hour. 

Provision for stand-by in case of cot 
trol or generating equipment failure ma 
be obtained by using two control units an 
two alternators or inverters. Alternatin 
current is the most logical type of powe 
because of the high voltage requiremen 
and absence of disturbing unidirections 
fields. One generator may be of a capac 
ity that is sufficient to do the whole jot 
with a second machine for stand-by; o 
two generators of half capacity may b 
used with a switching arrangement t 
allow application of power to the pilot’ 
windshield system only, should his gen 
erator or control fail. Thus at least hal 
of the pilot’s enclosure could be kept ice 
free in an emergency, and for light icin, 
conditions the one generator could deic 
the entire windshield system. 

The transparent electrically conductin; 
coating of low resistance appears to be a1 
ideal solution to the windshield icing anc 
impact proofing problem. The maximun 
amount of heat required for the wors 
conditions may be supplied easily anc 
used efficiently. The system lends itsel 
readily to control both from anti-icing anc 
impact resistance considerations, / 
NESA coated windshield possesses satis 
factory optical characteristics at all times 
It is relatively simple to manufacture, no’ 
subject to failure in operation, and allegec 
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WPHE USE of an inert gas in enclosed 
B electric equipment has increased con- 
siderably in recent years. In transform- 
an inert gas is used in the space pro- 
ided above the transformer fluid to al- 
w for its volumetric expansion with 
mperature rise. There the function of 
the gas is to provide an inert medium by 
which the pressure at the surface of the 
‘ansformer fluid is kept slightly above 
mospheric. Thus the fluid is not ex- 
osed to the moisture and oxygen of the 
ir, as it is with the so-called “‘open- 
breather” or ‘“‘oil-conservator’’ types 
unless the latter communicate with the 
outside atmosphere through chemical 
agents. In gas pressure cables, however, 
e inert gas is used at pressures up to 
approximately 15 atmospheres in order 
that the cables may operate successfully 


‘ 
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Moisture Equilibrium Benteen Gas 
_ Space and Fibrous Materials in 
: Enclosed Electric Equipment 


JOHN D. PIPER 
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at electric stresses that are higher than 
otherwise would be possible.1—* 

The purpose of this paper is to call at- 
tention to a phenomenon that occurs in 
enclosed electric equipment in which 
both an inert gas and fibrous material 
are present. The systems involved tend 
to establish an equilibrium between the 
moisture content of the fibrous materials 
and that in the gas space. Considera- 
tion, therefore, should be given to the 
moisture content of the fibrous materials 
present as well as that of the gas itself. 
A quantitative method is suggested for 
predetermining the equilibrium condi- 
tion for both unimpregnated and impreg- 
nated fibers. It is believed that use of 
the method may assist in the solution of 
manufacturing and operating problems. 


Field Experience and Data 


The increasing of the moisture content 
of dry nitrogen by the transfer of moisture 
from fibrous materials has been observed 
in The Detroit Edison Company in trans- 


i 


a ie : 
formers and in the 120,000-volt gas-pres- 
sure cable.'~* This increasing of the 
moisture content of the gas can be of 
practical significance only if the dew 
point of the gas is reached at local cool 
spots over considerable periods of time, 
thus causing progressive transfer of 
moisture from the warmer fibrous ma- 
terials, and if the resulting condensate 
drops upon a vulnerable part of the equip- 
ment. Any condensation that takes 
place as a result of an over-all cooling of 
the equipment or of a cool spot of short 
duration is of no significance because the 
water content of the gas is relatively low. 
During severely cold weather, it is 
probable that some condensation occurs 
in all of the transformers that have been 
investigated. Moreover, it is probable 
that, in certain transformers, condensa- 
tion occurs during the cool part of the 
day nearly every day of the year. Ap- 
parently the condensate usually drops 
in locations where it does no harm. Con- 
densate has been found, however, on the 
terminal board inside transformers. 
Whether or not service failures actually 
have been caused by condensate on vul- 
nerable parts is unknown, but there seems 
little question that such condensation 
constitutes a potential source of trouble. 
In the case of the 120,000-volt gas- 
pressure cable, in which the paper-insu- 
lated unsheathed cables rest on the bot- 
tom of a steel containing-pipe, nearly all 
locations are vulnerable to attack by liq- 
uid water should condensation occur at: 
local cool spots. Such cool spots might 
occur at a terminal, a length that crosses 


to be free from deterioration caused by 
aging, sunlight, overheating, and abrasion. 
During operation the inner surface of the 
windshield i is not excessively hot, which 
improves pilot comfort by minimizing the 
radiant heat. The installation should 
prove reliable and safe. Structurally, a 
clean design should result, the only com- 
plication being the means for attaching 
the power wires and control elements. 

There are disadvantages to the scheme, 
however. Most important is the weight, 
‘which may be high because of the neces- 
sity for using high voltage alternating 
‘current delivered by inverters or engine 
driven alternators. The control system 
adds significant weight, although a unit 
to effect the same order of regulation in 
other ice prevention schemes would be of 
‘comparable weight. Inability to operate 
the NESA film directly from the ship’s 
28-volt power supply and provide the 
necessary power is a disadvantage. The 
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requisite high voltage introduces a safety 


hazard, although placing the NESA coat- ~ 


ing next to the vinyl will tend to mitigate 
the danger. Windows or shields made of 
plastics such as Plexiglas cannot be de- 


iced or defogged by this method since the 


NESA coating cannot be applied to their 
surface, at least not by present techniques. 


Conclusions 


1. Aside from anti-icing, an additional 
prime reason for heating aircraft windshields 
is evident. For a given weight and con- 
struction, vastly improved impact resist- 
ance can be obtained by using a laminated 
panel with the vinyl plastic maintained at 
about 110 degrees Fahrenheit. 


2. The method of heating a windshield 
will depend greatly upon the structural con- 
figuration of the cockpit and of the wind- 
shield system. Availability of heated air 
and (or) electric power are equally impor- 
tant factors. 


3. Use of the transparent electrically con- 
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ductive coating on glass is the most desir- 
able electrical method for providing heat 
at the windshield. Indeed, unless operat- 
ing experience proves otherwise, this method 
appears to be suited ideally for the purpose 
of windshield anti-icing. For most air- 
planes, it ultimately should supplant other 
presently known systems. 
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Figure 1. Vapor pressure of water alone and 
in fibrous materials; data from literature 


a canal, or a location in proximity to a 
water main. For this reason when it was 
found during the progress of the installa- 
tion that the moisture content of the dry 
nitrogen gas, which was introduced im- 
mediately after the cable-pulling opera- 
tion, was beginning to increase, steps were 
taken co-operatively by the manufac- 
turer and user to determine the cause and 
corrective measures necessary. These 
efforts were completely successful as dem- 
onstrated both by the data herein con- 
tained and by the performance of this 
circuit since it was energized in Decem- 
ber 1941. The data concerning this 
cable are presented in this paper only 
because they indicate that a predictable 
equilibrium exists between the moisture 
content of the fibrous. material, even 
when impregnated, and that of the gas 
space. 

As has been described elsewhere!? 
the 120,000-volt gas-pressure cable is of 
preimpregnated-tape construction; that 
is, the cable was taped in an air-condi- 
tioned room with tapes that previously 
had been impregnated and from which 
the excess impregnant had been re- 
moved. Over the taped insulation two 
layers of metallized-paper shielding tapes 
were applied and over these a thin bronze 
tape intercalated with an impregnated 
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muslin tape. This was followed by two 
layers of paraffin-impregnated canvas* 
to provide mechanical protection during 
installa’ion. After a spiraled skid wire 
was wrapped over the canvas and the as- 
sembly coated with petrolatum for lubri- 
cant during installation, the cable was 
enclosed in a temporary lead sheath that 
was stripped within a few feet of the en- 
trance tube to the pipe line as the cable 
was being installed. 

When the dry nitrogen, which was 
introduced into the steel pipe line with 
the cable and held at slightly over at- 
mospheric pressure by temporary plugs, 
began to show the presence of moisture, 
the source of the moisture was sought. 
The pipe was known to be dry. No water 
was found in the petrolatum grease but 
from 2.4 to 5.0 per cent of water** was 
found in the impregnated muslin and 
canvas tapes,* based upon the weight of 
dry fabric. The average for 14 samples 
was 3.3 per cent. Two steps were taken 
to minimize the moisture content of the 
muslin and canvas tapes. 


1, The manufacturer modified his process 
in such a manner that the moisture content 
of the muslin and canvas tapes on further 
shipments of cable was reduced to an aver- 
age of 1.67 per cent as judged by tests on 


* This type of construction no longer is used by the 
manufacturer and hence it does not follow that dew 
point problems are inherent in other gas-pressure- 
cable installations. 


** As determined by Dean-Stark apparatus and 
boiling toluene.* 
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Figure 2. Equilibrium between water con 
centrations in fibrous materials and vapor pres 
sure at selected temperatures 


six samples in which the content varie 
from 1.0 to 2.0 per cent. 


2. Evacuation of the completed line, whicl 
is a normal procedure in the installation o 
this type of cable, was extended for eigh 
days while the cable was heated by con 
ductor heating to give a tape temperatur 
of between 40 and 42 degrees centigrade. 
The water removed was collected in a car 
bon-dioxide-alcohol trap and measured 
From the average water concentration 
and the weight of water removed, the aver 
age moisture content of the protective tape: 
as the line was placed in operation was cal 
culated to be 1.73 per cent. Presumably 
most of the water that was removed cam 
from the wetter tapes. 


In order to determine whether thes« 
efforts to prevent the possibility of con 
densation were successful, periodic deter 
minations were made of the moistur 
concentrationst or the dew points of the 
gas space and of the temperature ai 
various points along the line. During; 
the first year of operation the dew point: 
rose until late summer when at the more 
moist locations, which contained cable 
not given the special factory treatment 
they were above the winter operatin; 


t Originally the moisture concentrations were de 
termined gravimetrically at atmospheric pressure 
and the results calculated to line pressure. Late 
dew points were determined at line pressure using ¢ 
dew-point apparatus, 
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* was: 4 ' ; 


tem perature of the pipe 1 


safely below the winter operating tem- 
perature. ; 
Inasmuch as the rise and fall, with 


lowed the vapor pressure rule for liquids, 
within experimental error, it became evi- 
dent that an equilibrium existed between 
the moisture content of the gas space and 
hat of the tapes. This behavior, coupled 
with the change in dew points of trans- 
formers with temperature change, led to 
a search of the literature to determine 
whether quantitative data existed con- 
‘cerning this equilibrium for the fibrous 
materials generally used in the electrical 
industry. Literature on the subject re- 
- vealed that although there are many ar- 
_ ticles describing the water concentrations 
_ of various fibrous materials under various 
relative humidities, only a few show the 
effect of temperature change. Fortu- 
nately two such sets of data were available 
- for cotton and one each for kraft paper 
_and spruce wood. From these data an 
equilibrium chart has been prepared that 
is useful for predicting and interpreting 
the behavior of the moisture within elec- 
tric equipment containing fibrous ma- 
terials and a gas space. 


cu 


Preparation of the 
Equilibrium Chart 


| 


Figure 1 shows the data as obtained 
from the literature. In this figure the 
vapor pressures, on a logarithmic scale, 
are plotted against the reciprocals of the 
absolute temperatures on a linear scale. 
_ The top curve is for water alone. The 
long solid curves below the top curve rep- 
resent the data of Urquhart and Williams? 


ie i Tk NaN a 


x COTTON VS| KRAFT PAPER AT 9 
© COTTON VS| SPRUCE WOOD AT 25 © 
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mpé ine. In winter, — 
however, the dew points fell to values’ 


temperature change, of the vapor pres- | 


ae 


[ore‘e)) [or] Ol 
CONGENTRATION OF WATER IN KRAFT PAPER OR SPRUCE WOOD 


for cotton containing over one per cent of 
water, The data for each concentration 
are represented as a continuous curve in- 
stead of as the two intersecting straight 


lines used by the original authors. As_ 


thus represented, the curves for the higher 
concentrations are nearly parallel to, and 
have nearly the same curvature as, the 
curve for water. With diminishing con- 
centration of water, the curves become 
more divergent and their slopes approach 
that of the curve for ice. This curve for 
ice is not shown in Figure 1. The solid 
curves at the lower right hand corner of 
the figure represent the data of Neale and 
Stringfellow® for cotton of low moisture 
content. These curves are straight, par- 
allel lines having the slopes of the vapor 
pressure curve for ice. The curves that 
appear to extend as broken lines from the 
curves representing Neale and String- 
fellow’s data represent the data of Houtz 
and McLean’ for kraft paper of low 
moisture content at elevated tempera- 
tures. The data for the samples having 
the higher moisture concentrations are 
best represented by curved lines whereas 
the data for the samples of lower concen- 
trations fall along straight lines as shown. 
The latter are not parallel with each other. 
For the data of Urquhart and Williams, 
the slopes of the curves become steeper as 
the moisture concentrations of the sam- 
ples represented diminish. The fourth 
set of data is that of Pidgeon and Maass* 
for spruce wood, These data appear in 
the same region as those of Urquhart and 
Williams. Because the temperature range 
for the investigation on spruce wood was 


Figure 3.. Comparison between the concen- 
tration of water in cotton and that in kraft 
paper or spruce wood required to give the 
same vapor pressure at the same temperature 
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narrow, it is not clear whether the data 
are best represented by straight or curved 
lines. The slopes of the lines are approxi- 
mately the same, however, as those of the 
adjacent curves for cotton. . 

In using the four sets of data to prepare 
a general equilibrium chart, no effort was 


made to distinguish between absorption — 
The difference, | 


and desorption data. 
where shown by the original authors, is 
small as compared with the effect of 
temperature change, which is the primary 
concern of this paper, and probably is also 
small as compared with the effect of the 
previous history of the samples.® 
The data for the equilibrium chart for 
cotton were obtained essentially by inter- 
polation, for selected temperatures, of the 
vapor pressures that correspond to chosen 
concentrations of moisture. The princi- 
pal object of the interpolation, of course, 
was to bridge the gap between the data of 
Urquhart and Williams and those of Neale 
and Stringfellow in the concentration 
range between 0.0016 and 0.012 gram of 
water per gram of dry cotton. Interpola- 
tion was carried out by means of Figure 
2, where the vapor pressures and concen- 
trations of water in cotton are both 
plotted on logarithmic scales for selected 
temperatures to give the long S-shaped 
curves that represent both the data of 
Urquhart and Williams and those of 
Neale and Stringfellow. In order to ob- 
tain the 90-degrees-centigrade curve of 
Figure 2, the data of Neale and String- 
fellow were extrapolated from 80 to 90 
degrees centigrade by extending the 
straight lines as shown in Figure 1. 
Because only one set of data was avail- 
able for kraft paper? and that at high 
temperatures only, interpolation similar 
to that described for cotton could not be 
carried out. Instead, the curves in Figure 
1 for the data of Houtz and McLean were 
extrapolated downward from 100 to 90 
degrees centigrade, and the resulting 
values of vapor pressure were plotted 
against their respective concentrations 
in Figure 2. The straight line that re- 
sulted when the extrapolated values for 
kraft paper at 90 degrees centigrade were 
plotted on the double-log scale of Figure 2 
lies slightly below the curve for cotton at 
80 degrees centigrade as shown. Next, it 
was reasoned that inasmuch as kraft pa- 
per often is made from spruce pulp, pos- 
sibly the equilibrium in kraft paper and 
spruce pulp might be related. For this 
reason the data of Pidgeon and Maass,® 
shown in the insert of Figure 2, were in- 


+ Vincent and Simons” evidently investigated the 
field over a wide range of temperatures and moisture 
concentrations but unfortunately did not include in 
their publication data suitable for preparing an 
equilibrium chart. 
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terpolated by the use of Figure 1 to 25 
degrees centigrade. Finally, the concen- 
trations of water in cotton required to 
give the same vapor pressure at 90 
degrees centigrade as are given by se- 
lected concentrations of water in kraft 


to give the same vapor pressure at 25 de- 
grees centigrade as are given by selected 
‘concentrations of water in spruce wood 
were plotted on a double-log scale as 
shown in Figure 3. The straight line 
through these points indicates that the 
relationship between the water concen- 
trations that are required to produce the 
same vapor pressures in cotton and in 
_ either kraft paper or spruce wood is sim- 
ply the ratio 1 to 1.7. 
By dividing the concentrations of wa- 
_ ter in kraft paper, as given in Houtz and 
~McLean’s data, by 1.7, an estimate was 
_ made of the vapor pressures that would 
result from low concentrations of water in 
4 cotton at 100 and 110 degrees centigrade. 
' These data were combined with the ex- 
perimental data of Urquhart and Wil- 
 liams in that temperature range to pro- 
_ duce the top two curves of Figure 2. 
= ‘The equilibrium chart was prepared by 
plotting the vapor pressures for cotton, as 
_ given from the curves of Figure 2 for se- 
lected concentrations, on a logarithmic 
3 scale against the reciprocals of the abso- 
J lute temperatures, similarly to Figure 1. 
4 This chart is shown in Figure 4. All of 
the curves are extrapolated from 20 to 10 
_ degrees centigrade. Those for concen- 
trations above 0.03 gram of water per 
gram of dry cotton also are extrapolated 
for temperatures above 80 degrees cen- 
tigrade. For this extrapolation, the gen- 
tle curvature of the vapor pressure curve 
for water, shown as the broken line con- 
stituting the top curve, was followed. 
“3 ~ The equilibrium concentrations of wa- 
ter in cotton that were selected for the 
preparation of the equilibrium chart are 
shown by the numerals of each curve in 
the left-hand column. The numerals in 
the right-hand column represent the 
equilibrium concentrations of water in 
kraft paper or spruce wood, as obtained 
by multiplying the respective values for 
cotton by 1.7. 


Effect of an Impregnant 


Although the practical value of an 
equilibrium relationship, such as that 
described in this paper, has been recog- 
nized previously for unimpregnated fi- 
brous materials,!° there seems to be no 
record of its application to impregnated 
fibers. Indeed, to many who have tried 
to dry impregnated fibers that have ab- 
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paper and those concentrations required _ 


sorbed moisture, it might appear that 
impregnated fibers behave entirely dif- 
ferently from unimpregnated ones. The 
data for the paraffin-impregnated cotton 
protective tapes of the 120,000-volt cable 
previously described provide a compari- 
son between the behavior of commercially 
made American impregnated-cotton tapes 
and that of the two sets of laboratory- 
prepared unimpregnated-cotton fibers 
made in England. 


The comparison between the impreg-_ 


nated and the unimpregnated cotton 
samples is given in Figure 5. The solid 
lines in this figure, and the numerals ar- 
ranged in a column upon them, are repro- 
duced for cotton from Figure 4. The 
crosses represent the average conditions 
at three locations at which the higher 
moisture concentrations were found in the 
gas space as the average temperature of 
the pipe line rose and fell with seasonal 
and load change. The low-temperature 
point was determined while the line was 
not in operation. The circles represent 
the average conditions at two locations 
at which the lower moisture concentra- 
tions were found. It is evident that, re- 
gardless of whether the fibers are impreg- 
nated or not, the change of the vapor pres- 
sure of water in the gas space is essen- 
tially the same function of temperature 
change. It is also evident that although 
equilibrium had not been reached when 
some of the data on the cable line were ob- 
tained, especially those taken in Septem- 
ber 1942, the moisture concentrations in 
the cotton, as indicated by the chart for 
different dates and temperatures, are 
nearly the same. Even including the 
September 1942 data, the indicated con- 
centrations ranged only between 2.2 and 
2.6 per cent for the tapes in the more moist 
regions and between 1.2 and 1.5 per cent 
for those in the drier locations. Data 
taken during the initial operation of the 
cable in the winter of 1942, however, fall 
far below the equilibrium values shown. 


It does not necessarily follow, that be- 
cause the vapor pressure changes in the 
same manner with the temperature 
change regardless of whether the cotton 
is impregnated or unimpregnated, that 
the equilibrium concentration of water 
in the cotton is the same in impregnated 
cotton as in unimpregnated. Naturally 
it was impractical to obtain samples of 
the tapes in the completed 120,000-volt 
cable line after the evacuation treatment 
in order to determine whether the impreg- 
nant alters the equilibrium. Neverthe- 
less, a means for obtaining a qualitative 
answer exists. As previously stated, the 
average concentration of water in the 
impregnated cotton tapes of the com- 
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pleted line, as calculated from the analyti- 


-calresults and from the quantity of wa- 


ter removed, was 1.73 per cent. The 
points indicated by dots in Figure 5 
show the concentrations of water in cot- 
ton at each of the 30 joints at which the 
samples were taken. These were deter- 


mined with the equilibrium chart from _ 


the average temperature of the line and 
the vapor pressures that correspond to the 
dew points.that were determined in Sep- 
tember 1944. The values, which because 
they were determined by the chart are 
for unimpregnated cotton, ranged be- 
tween 0.9 and 2.65 per cent and averaged 
1.68 per cent. The agreement between 
1.73 and 1.68 per cent is much closer than 
the analytical methods warrant. The 
agreement indicates that it is safe to use 
the equilibrium chart for impregnated 
cotton at least in the solution of practical 
problems in which an error of perhaps 
plus or minus two in the second signifi- 
cant figure can be tolerated. 

No data are available to show whether 
impregnation with insulating oil changes 
the equilibrium temperature for kraft 
paper. The data for the paraffin-im- 
pregnated cotton support the belief that 
although the impregnant greatly slows 
down the diffusion process by which 
equilibrium is attained, the equilibrium 
concentration of water in a fibrous ma- 
terial is not affected greatly by an organic 
impregnant. It seems probable that the 
equilibrium conditions shown for unim- 
pregnated kraft paper in Figure 4 will 
apply approximately for oil-impregnated 
kraft paper as well. 


Use of the Equilibrium Chart 


The following examples are intended 
to illustrate a few of the uses that may be 
made of the equilibrium chart in the elec- 
trical industry. The first three of these 
examples concern cable of the type dis- 
cussed. 


EXAMPLE 1 


Did the precautionary treatments of 
protective tapes (previously described) 
effect any substantial reduction in the 
dew point of the gas? 


This question is answered by the informa- 
tion in Figure 6, which also shows the 
method of using the equilibrium chart. 
As previously stated, before the drying treat- 
ments the maximum moisture concentra- 
tion was 5.0 per cent, and the average 3.0 
per cent. After the factory treatment on 
the part of the cables and evacuation of the 
entire line, the maximum concentration as 
determined from the dew points was 2.65 
per cent and the average concentration from 
both the dew point measurements and the 
calculated residual water concentration was 
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CHART OF FIGURE 4. 
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MOISTURE CONCENTRATION 
{S HIGHEST 
© AVERAGE OF TWO 
LOCATIONS OF LOWER 
MOISTURE CONCENTRA- 


DOTS SHOW 
THE EQUILIBRIUM 


OF THE THIRTY JOINTS 
IN SEPTEMBER 1944 


Figure 5. Similarity 
in equilibrium be- 
havior between im- 
pregnated and unim- 
pregnated cotton 


50 40 30 20 10 
TEMPERATURE © 


1.7 per cent. The dew point of the gas 
space corresponding to a point that repre- 
sents a given moisture concentration and 
selected temperature of the fibrous material 
is obtained by drawing a horizontal line 
from that point to the curve for water as 
shown by the arrows in Figure 6, and ob- 
taining the dew point temperature as given 
by the point of intersection. Thus the chart 
shows that the dew point in the vicinity of 
tapes having the maximum moisture con- 
tent of 5.0 per cent would be 26 degrees 
centigrade when the summer temperature 
of the cable line averages 38 degrees centi- 
grade, and nine degrees centigrade when the 
winter temperature of the line averages 
20 degrees centigrade. Thus it is shown 
that the drying treatments reduced both 
the maximum and the average dew points 
by approximately 15 degrees centigrade over 
the entire operating temperature range of 
the line, as shown. 


EXAMPLE 2 


What concentration of water would a 
cotton protective tape acquire if the ca- 
ble on which the tape is wrapped stands, 
until equilibrium takes place, in a room 
air conditioned to a relative humidity of 
20 per cent at 30 degrees centigrade, and 
the cable thereafter is sheathed ? 


A 20-per-cerit relative humidity at 30 de- 
grees centigrade is equivalent to a moisture 
content of 6.0 grams per cubic meter which 
corresponds to a vapor pressure of 5.7* 
millimeters of mercury. A point represent- 
ing 5.7 millimeters and 30 degrees centi- 
grade on the chart indicates a moisture con- 
tent of 2.6 per cent based upon the weight 
of dry unimpregnated cotton, 


* Because the concentration of water in grams per 
cubic meter and the vapor pressure are nearly the 
same numerically up to 50 degrees centigrade, only 
a small error is introduced by multiplying the vapor 
pressure shown on the chart by the relative humidi- 
ties to obtain the equilibrium vapor pressures, In 
this case, instead of 5.7 millimeters, a value of 20 
per cent of 32 or 6.4 millimeters would be obtained, 
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EXAMPLE 3 


What concentration of water would 
preimpregnated kraft paper tapes ac- 
quire if they were exposed in the air- 
conditioned room described in example 
2 long enough for equilibrium to be 
reached ? 


The point representing 507 millimeters of 
mercury and 30 degrees centigrade on the 
chart indicates a moisture concentration of 
4.4 per cent in kraft paper. 


The foregoing example does not imply 
that the moisture content of a preimpreg- 
nated paper insulation is high just because 
the equilibrium moisture content is high 
for the humidities that feasibly may be 
maintained in the taping room. Under 
conditions of normal operation the time 
of exposure is too short to allow signifi- 
cant absorption. For example, the aver- 
age moisture content of the insulation of 
the cable previously mentioned was not 
4.4 per cent but only 0.055 per cent, 
which is essentially the same as that for 
other well-made cables impregnated in a 
conventional manner. An equilibrium 
value that low would require, according 
to the chart, the relative humidity at 30 
degrees centigrade to be of the order of 
0.017 per cent. Obviously, the low rate 
of moisture absorption is of much more 
importance to the manufacturer of this 
type of cable than is the equilibrium 
concentration. 

The two examples that follow illus- 
trate the use of the equilibrium chart for 
problems involving condensation in trans- 
formers. For given equilibrium mois- 
ture content in the fibrous material, most 
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of which is of wood origin, the probabi 
of condensation is greater than for 
pressure cable. The reason is that 
top of the transformer casing may 
only a few degrees above outdoor tem: 
ture while the fibrous material is at 
oil temperature, which may reach a daily 
maximum of 50 to 60 degrees centigrade 
The equilibrium for transformers is more 
complicated than for the paraffin-impreg: 
nated tapes because the amount of waters 
in the large mass of oil is not negligible 
as compared with that in themuch smaller 
mass of fibrous materials. It is probable 
that a definite relationship also can be es- 
tablished for the equilibrium between the 
moisture content of oil and that of the 
gas space. Until such information is 
available, however, it is not possible to 
estimate the water content of the oil from 
dew point data. In the following the oil 
is considered only as a barrier that mark- 
edly reduces the rate at which equilib- 
rium becomes established between the 
moisture contents of the gas and fiber. 


EXAMPLE 4 


The gas in a new transformer had a dew 
point of ten degrees centigrade when op- 
erating at an oil temperature of 50 degrees 
centigrade while the outdoor temperature 
was well above the dew point of the gas. 
What was the probable moisture content 
of the kraft paper insulation within it? 


A dew point of ten degrees centigrade cor- 
responds to a vapor pressure of 9.2 milli- 
meters of mercury, which at 50 degrees 
centigrade is shown by the chart to be in 
equilibrium with a moisture content of ap- 
proximately 2.7 per cent in the insulation. 


EXAMPLE 5 


The gas in a reconverted oil-conserva- 
tor type of transformer had a dew point 
of 20 degrees centigrade when operating 
at an oil temperature of 42 degrees centi- 
grade while the outdoor temperature was 
well above the dew point of the gas. How 
much water would have to be removed 
from the fibrous insulation of the trans- 
former in order for the gas to have a dew 
point of minus ten degrees centigrade 
while the oil temperature was 50 degrees 
centigrade? 


A dew point of 20 degrees centigrade, or a 
vapor pressure of 17.5 millimeters of mer- 
cury, indicates an equilibrium moisture con- 
centration of 5.4 per cent at 42 degrees 
centigrade, according to the chart. A dew 
point of minus ten degrees centigrade or 
1.95 millimeters of mercury indicates a 
concentration of 1.05 at 50 degrees centi- 
grade. Thus it would be necessary to re- 
duce the water content by approximately 
4.35 per cent based upon the weight of the 
paper fibers. For a transformer containing 
3,000 pounds of such insulation, it therefore 
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quilibrium ultimately should become 
established between the moisture con- 
sent of the cotton and kraft tapes with 
esultant reduction in the dew point of 
the gas space. The two kinds of tapes 
-are present in the fiber-weight ratios of 22 
to 485. Considering the region in which 
e final concentration of moisture in the 
cotton tapes was highest (2.65 per cent), 
f equilibrium were established with the 
kraft types, which had an average con- 
centration of 0.055 per cent, the final 
“moisture concentration of the cotton 
tapes would be 0.1 per cent and of 
“the kraft tapes 0.17 percent. The equi- 
- librium vapor pressure at a temperature of 
88 degrees centigrade then would be, ac- 
cording to the chart, approximately 0.05 
- millimeter of mercury, and the corre- 
"sponding dew point approximately minus 
45 degrees centigrade. Although estab- 
‘lishment of the equilibrium between the 
_ moisture contents of the cotton and kraft 
- tapes would be expected to be slow, there 
was no evidence that any exchange had 
_ taken place in over 21/2 years of operation. 
~ This is remarkable when it is realized that 
~ the conditions are the same as though the 
cable had been exposed continuously for 
_ over two years to a relative humidity of 
_ approximately 30 per cent. Furthermore, 
~ exposure for several months of unsheathed 
samples of the cable to Detroit’s humid 
summer atmosphere out of direct contact 
with rain resulted in no apparent in- 
crease in moisture content of the kraft 
insulation. Of three samples of cable so 
exposed before the line was completed, 
the moisture concentrations were 0.01, 
0.01, and 0.05 per cent, respectively, all 
_ of which values happened to be less than 

the average for unexposed samples. The 

author’s interpretation of the reason the 

insulation does not become moist is that 

the metallized-paper shielding tapes bar 
the diffusion of water vapor into the 
insulation. This fact is believed to be of 

further practical significance, for no 
‘longer can it be said that plastic cable 
sheaths cannot be used for oil-impreg- 

nated cables on the basis that all such 

sheaths, although they provide a barrier 

for liquid water, are too permeable to wa- 
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Figure 6. Use of the equilibrium chart in 

estimating the reduction in dew point that was 

effected by reducing the water concentration 
in impregnated cotton tapes 


ter vapor. It seems entirely possible that 
if an elastomer can be developed to have 
suitable life in contact with oil on one side 
and ground water and air on the other, 
it should be a suitable sheathing for ca- 
bles provided the outside of the insulation 
of each conductor is shielded by metal- 
lized paper or thin metal tapes. The 
latter without some sort of sheath are not 
adequate because they will not keep out 
liquid water nor provide mechanical pro- 
tection. Use of a corrosion and abrasion- 
resistant elastic material that can be ap- 
plied competitively with lead seems 
worthy of investigation, particularly for 
solid type cables. The elaborate ‘‘sand- 
wich” scheme of Rihl and Heering! to 
use a plastic sheath seems unnecessary. 


Conclusions 


An equilibrium chart has been pre- 
pared from data from the literature to 
relate the equilibrium concentration of 
water in cotton or kraft paper with the 
vapor pressure of water, over a tempera- 
ture range of 10 to 110 degrees centi- 
grade. The concentrations of moisture 
covered by the chart range from 0.01 to 
10 per cent for cotton and 1.7 times those 
values for kraft paper. 

Although the equilibrium chart was 
prepared from data for unimpregnated 
fibers, data taken on The Detroit Edison 
Company’s 120,000-volt gas-pressure ca- 
ble line show that the chart is also valid 
for impregnated materials, at least for 
cotton impregnated with paraffin. 

Examples are given of the use of the 
chart in predicting the equilibrium mois- 
ture content that fibrous materials will 
acquire when exposed to atmospheres of 
various relative humidities and tempera- 
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tures, in predicting the dew points of the 
gas in enclosed electric apparatus, and 
in employing dew point measurements as 
a nondestructive analytical tool for deter- 
mining the moisture content of fibrous 
materials in electric equipment. 
Metallized-paper electrical shielding 
tapes placed over fibrous materials are 
shown to be remarkably effective in pre- 
venting diffusion of water into these ma- 
terials. The significance of this phenom- 
enon in connection with the use of an elas- 
tomer as a sheathing material, particu- 
larly for solid-type cables, is pointed out. 
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Synopsis: An 8-channel microwave relay 
system is described. Known to the Army 
and Navy as AN/TRC-6, the system uses 
radio frequencies approaching 5,000 mega- 
cycles. At these frequencies, there is a 
complete absence of static and most man- 
made interference. 
trated into a sharp beam and do not travel 
along the earth much beyond seeing dis- 
tances. Other systems using the same fre- 
quencies can be operated in the near 
vicinity. The transmitter power is only 
one four-millionth as great as would be 
required with nondirectional 


by using intermediate repeaters communi- 
cations are extended readily to longer dis- 
tances. Short pulses of microwave power 
carry the intelligence of the eight messages 
utilizing pulse position modulation to modu- 
late the pulses and time division to multiplex 
the channels. The eight message circuits 
which each A N/TRC-6 system provides are 
high-grade telephone circuits and can be 
used for signaling, dialing, facsimile, picture 
transmission, or multichannel voice fre- 
quency telegraph. Two-way voice trans- 
mission over radio links totaling 1,600 miles, 
and one-way over 3,200 miles have been 
accomplished successfully in demonstrations. 


HE AN/TRC-6 is a combined trans- 

mitter and receiver designed specifi- 
cally for radio relay purposes and includes 
multiplex facilities for providing eight 
two-way high-grade message circuits 
between points separated by an un- 
obstructed optical path. Acknowledg- 
ment is made of the impetus and assist- 
ance given in this development by those 
concerned in a somewhat similar British 
development (British Wireless Set Num- 
bet 10) conducted by the Ministry of 
Supply on behalf of the British Army. 

In military use, one AN/TRC-6 set 
usually is transported by truck, and can 
be set up and placed in operation on a 
favorable site in a few hours. Figure 1 


Paper 46-205, recommended by the AIEE com- 
mittee on communication for presentation at the 
AIEE Great Lakes District meeting, Indianapolis, 
Ind., October 9-11, 1946. Manuscript submitted 
August 26, 1946; made available for printing 
September 17, 1946. 


H. S. Brack is high frequency transmission engi- 
neer, transmission development department, J. W. 
Bryer, T. J. Grieser, and F. A, POLKINGHORN, 
are members of the technical staff, Bell Telephone 
Laboratories, Inc., New York, N. Y. 
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The waves are concen-| 


antennas... 
_ The distance between sets is limited but 


ai 


depicts an arrangement used by the 


Army in tactical movements, with the 
operational units housed in a truck. All 
of the microwave equipment is atop the 
50-foot tower. Simultaneous two-way 
communication is obtained by the use of 
different radio frequencies for the two 
directions of transmission. Using sepa- 
rate antenna systems, the microwave 
transmitter and receiver-converter are 
mounted directly behind their respective 
5-foot parabolic reflectors. 

A sharply focused and highly directive 
microwave beam whose frequency is 
nearly 5,000 megacycles is used to carry 
the intelligence of the eight messages. 
This extremely high frequency affords 
communication channels free from static 
and most man-made interference. By 
the use of beamed radiation and recep- 
tion, the transmitter power is only one 


Figure 1. AN/TRC-6 
with operational units 
in a truck 
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of the type of a ti 
cause transmission m' 


obstructed ait aie 


the near yikes na a 
The sets were designed ite used it 1 
is 
pairs to form a radio repeater, and ‘it i 
practical to operate a considerable n 
ber of radio links in tandem. Becau: 
of the line-of-sight over which the sy: 
tem operates, the distance between sets is 
limited by the curvature of the earth, but 
by using intermediate sets as repeater: 
communications are extended readily + 
hundreds and even thousands of miles. 
When the set is used for military pur. 
poses, essential units are supplied in dup.- 
licate, as indicated by Figure 2 which is 
a close-up of the operational units. The 
portable test oscilloscope is for conveni- 
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4500-VOLT COMMON 
RECTIFIER 


oa 


AN/TRC-6 set up as a field ter- 


Figure 2. 
a minal 


ence in monitoring. A high voltage 
rectifier for the transmitter is located at 
the bottom of the tower. 

_ An optional and improved arrangement 
representing a recent development and 
known as AN/TRC-6 (XC-4) is now avail- 
able. This improved equipment features 
one antenna instead of two, a lighter 
v eight tower presenting a less conspicu- 
ous target, and the location of the micro- 
wave transmitter and receiver-converter 
‘on the ground instead of atop the tower. 
The radio transmitter and receiver-con- 
verter connect through wave guide filters 
to a single antenna system also located 
‘on the ground. The parabolic ground re- 
flector (Figure 3) is beamed on a wire 
‘mesh 48-degree plane reflector atop the 
lightweight 50-foot mast. The extra 
Joss introduced by the single antenna 
epsiem is about three decibels. 

- Unlike conventional communication 
Be cin ment which transmits a continu- 
ously modulated wave, AN/TRC-6 makes 
‘use of pulse modulation. In such a sys- 
tem, the transmitter is caused to emit 
‘short pulses of microwave power. T hese 
‘microwave pulses are substantially con- 
‘stant in amplitude and frequency. Hight 
l-microsecond pulses (Figure 4), one 
for each channel, are transmitted in se- 
‘quence and are preceded by a 4 micro- 
‘second synchronizing pulse called a 
‘marker. This sequence of marker plus 
eight channel pulses repeats itself 8,000 
‘times a second and is called a frame. 

The intelligence of each channel is 
conveyed by varying the exact position 
in time of the channel pulses. The 
phrase pulse position modulation has 
been applied to this method. The eight 
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channels share the operating time of the 
transmitter, each using the radio path in 
turn. Such a sharing process utilizes a 
multiplexing principle that for many 
years has been known as time division. 
Pulse modulation, therefore, not only 
provides for position modulating the 
pulses but also permits multiplexing the 
channels by time division. No detectable 
distortion of the recreated message in the 
final receiver need be inherent in this 
method of transmission, nor is the scheme 
limited to eight channels. Systems using 
these same principles could be designed 
readily for many more channels. 

In carrying out the pulse modulation 
method, the voice wave of each incoming 
message is sampled 8,000 times a second. 
Each sampling subsequently results in a 
pulse of microwave power leaving the 
transmitting antenna. With no voice 
input, the pulse associated with a par- 
ticular channel recurs 8,000 times a 
second or every 125 microseconds. When 
the channel is busy, the pulse occurs earlier 
or later, depending on whether the voice 
wave is positive or negative. The exact 
displacement of a pulse from its unmodu- 
lated position is linearly proportional to 
the magnitude of the voice wave at the 
time of sampling. 

The modulation of channel 2 in this 
manner is illustrated in Figure 5 for the 
case of a particular sinusoidal input of 
1,000 cycles. When the input signal is 
zero, namely, at points A, E, and J in the 
figure, the channel pulse will occur at 
the middle of the position allocated to the 
channel. Successive diagrams depict the 
change in the relative position in time of 
the channel-2 pulses from frame to frame 
for nine successive frames. 

The eight voice circuits connect to the 
common unit (Figure 6) and go to the 
transmitting portion of the multiplex 


which generates tiarker and channel 
pulses. These pulses are cabled to the 
transmitter and are used to turn the 
transmitter (transmitter-oscillator) on or 
off for intervals of time corresponding to 
the length of each pulse. Thus, d-c or 
video pulses from the transmitting multi- 
plex are translated into pulses of micro- 
wave power. These microwave pulses 
are conducted to the focal point of the 
transmitting paraboloid where they radi- 
ate to illuminate the reflector, the pat- 
tern of the reflected radiation pee 
sharply beamed. 

Attenuated microwave pulses from the 
distant transmitter are picked up by the 
receiving parabolic reflector (Figure 6) 
and go to the receiver (receiver-con- 
verter). The converter changes the 
microwave pulses to JF (intermediate 
frequency) pulses centered about 58.5 
megacycles. After amplification, the JF 
pulses go to the remainder of the radio 
receiver located on the ground. 

Here the JF pulses are amplified fur- 
ther, detected; and the resulting video 
pulses fed to an amplifier. The receiver 
has automatic tuning so that it is at all 


Figure 3. AN/TRC-6 featuring two-way trans- 
mission with a single antenna 
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Figure 4. Pulse array at output of transmitting 
multiplex or input to receiving multiplex 
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Figure 5. Modulation of channel-2 pulses 


times correctly tuned to the distant trans- 
mitter. The receiver also has automatic 
volume control so that the output pulses 
are substantially constant despite fading. 

The receiver has a special feature 
termed a slicer or double clipper whose 
function is to carve out a narrow slice 
(about 5 per cent) from each received 
pulse. The slicer (Figure 7) substantially 
frees the pulses of noise. 

The output of the slicer goes to the re- 
ceiving multiplex. Here the marker pulse 
is identified because of its greater length 
and causes the receiving multiplex to 
operate “‘start-stop.”’ 

The sequence of events triggered off 
by recognition of the marker opens, suc- 
cessively, electronic “gates” to each of 
the eight channels in turn. After a 
particular channel gate is opened, the 
next pulse passes through and is caused 
to trigger another circuit which starts a 
direct current flowing. This flow of di- 
rect current continues until stopped by 
the closing of the gate. The starting and 
stopping of a direct current in this man- 
ner generates a length modulated pulse 
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Figure 6. Block diagram of single link system 


whose trailing edge is fixed but whose 
leading edge depends upon the exact 
timing of the received channel pulse. 
This represents the conversion of pulse 
position modulation to pulse length 
modulation. The voice signal is derived 
by passing the length modulated pulses 
through a low-pass filter. 


Specific Embodiment 


METHOD OF OPERATION OF THE 
MULTIPLEX 


Figure 8 is a block diagram of the 
transmitting section of the multiplex. 
An 8,000-cycle oscillator fixes the frame 
frequency and produces a rectangular 
wave for starting the marker pulse gen- 
erator and eight pulse position modula- 
tors. 

The marker pulses are generated by dif- 
ferentiating the oscillator output and 
applying the resulting pulses to a tube so 
operated as to be insensitive to positive 
pulses. Each negative pulse produces an 
output pulse which, when limited or clip- 
ped, results in a nearly rectangular 4 
microsecond pulse at the start of each 
frame. 

Except. for channel 1, which will be 
described separately, short positive pulses 
are required for starting the pulse posi- 
tion modulators. For channels 7 and 8 
it is possible to derive these directly from 
the oscillator by a differentiating circuit. 
Exciter circuits, similar in design to the 
marker generator, start channels 2 to 6. 
Use of separate exciters for odd and even 
numbered channels reduces interchannel 
crossstalk. 

Except for channel 1, each position 
modulator is a multivibrator. This mul- 
tivibrator is a 2-stage resistance-ca- 
pacitance coupled amplifier with its 
output fed back to the input. The cir- 
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cuit is so operated that the first stag 
normally is cut off and the second con 
ducts. Application of a positive trigge 
pulse to the grid of the first stage cause: 
it to conduct and cut off the second stage 
After an interval of time, dependins 
mainly upon the time constant of the 
R-C circuit which connects the twe 
stages, the multivibrator relaxes, that is 
returns to its original condition with the 
first stage cut off and the second conduct: 
ing. Each trigger pulse results in an out: 
put pulse, the duration of which is deter- 
mined primarily by the time constant 
The time constants are adjusted so that 
each multivibrator relaxes at the time 
assigned to that particular unmodulated 
channel pulse. 

Although the time of relaxation of the 
multivibrator is controlled primarily by 
its time constant, this time also can be 
altered by superposing a varying voltage 
on the grid of the second stage. This 
grid is the point at which voice fre- 
quency voltage is applied from the voice 
amplifier of that particular channel, 
Consequently, the trailing edges of the 
pulses developed by the multivibrator 
are position modulated by the voice in- 
put. A l-microsecond pulse, produced 
in a generator common to four channels, 
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‘is derived from this trailing edge. The 
“two groups of channel pulses and the 
marker are combined and go to the radio 
' transmitter. 


marker and the first channel pulse, chan- 
“nel 1 differs from the other channels in 
_ that it does not require a multivibrator to 
og delay the channel pulses. For this chan- 
nel, therefore, a simpler circuit is pos- 
sible. This circuit produces a length 
_ modulated pulse by clipping a saw-tooth 
Z shaped pulse at a voltage determined by 
' the voice sample. The desired channel- 
1 pulses are derived from the leading 
edges of these length modulated pulses. 
In the receiving section of the multiplex 

(Figure 9), video pulses from the radio 
_ are amplified and the circuit branches 

into two paths, one of which serves to 
select the marker pulse. The marker se- 

lector is so arranged that its output volt- 
age is proportional to the duration of an 

input pulse. Marker pulses produce 

voltage peaks about four times those re- 

sulting from channel pulses. The marker 

amplifier is negatively biased so that the 
- channel pulses do not cause plate current 
to flow. Therefore only the marker is 
passed. A new pulse derived from the 
trailing edge of the selected marker is 
fed to a multivibrator (called square 
wave generator) which thus is synchro- 
nized accurately with the marker. This 
symmetrical square wave is used either 
directly or through intervening sweep 
generators to operate the gate generating 
circuits. 

To separate the channels, properly 
timed gate pulses are used. Each gate is 
a rectangular pulse 13 microseconds long. 
The gates must be delayed by varying 
amounts from the edges of the square 
wave. This is accomplished by generat- 
ing sweep or saw-tooth voltages and 
starting the gate pulses at the time the 


4 


DECEMBER 1946, VoLuME 65 Black, Beyer, Grieser, Polkinghorn—Radio Relay System 


MODULATORS 


Y 
f= = ee 
eet — | 


Because little time exists between the - 


MARKER a 
RENE EE © Figure 8. Block 
; diagram of  trans- 


mitting multiplex 


respective sweep voltages cross a refer- 
ence voltage. The circuit constants for 
the various channels are different so as 
to vary the rate of rise of the sweep 
voltage and thereby locate each gate at 
its assigned time. 

It was noted previously that the re- 
ceived video pulses branch into two paths, 
one of which selects the marker. The 
second path includes a 2-stage amplifier 


which produces new pulses derived from , 


the trailing edges of the received pulses. 
These new pulses are fed to the input of 
the eight channel converters. To each 
converter is fed also the output of the 
appropriate gate generator. The gate 
pulse voltage plus its corresponding 
channel pulse voltage is appreciably 
greater than the voltage of the other 
channel pulses. For example, gate 1 
voltage plus channel 1 voltage is greater 
than channel pulses 2 to 8. Channel 1 
is separated from the other channels and 
this position modulated pulse is converted 


PULSES FROM RADIO 
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to a length modulated pulse by a multi- 
vibrator so operated that it can be trig- 
gered by the combined gate and channel 
pulse voltages but not by either alone. 
This circuit not only separates the chan- 
nels but also converts pulse position 
modulation to pulse length modulation. 
When the channel pulse is superposed on 
the gate pulse, sufficient voltage is ob- 
tained to start the multivibrator so that 
the first stage conducts and remains con- 
ducting for the remainder of the gate 
pulse interval. At the end of the gate 
pulse, the first stage in the multivibrator_ 
circuit is cut off, thereby returning the 
multivibrator to its original condition. 
Because the multivibrator is started at 
a variable time dependent upon the posi- 
tion of the channel pulse and is cut off 
at a fixed time established by the end of 
the gate pulse, the output pulses vary in 
length in accordance with the instantane- 
ous position of the input pulses. By 
passing these length modulated pulses 
through a low-pass filter, the audio 
signal is obtained and all modulation 
products above the highest audio fre- 
quency are eliminated. 


SPECIAL RADIO FEATURES 


While two radio frequencies suffice for 
operation over a single link, a choice of 
four frequencies is available as a further 
means of reducing interference between 
systems or between sets of the same 
system when repeaters are operated in 
tandem. Although designed to operate 
on fixed frequencies, the equipment is 
capable of being adjusted continuously to 
operate at any frequency between the 
extremes. Both transmitter and re- 
ceiver-converter use small oscillator tubes 
of the reflex velocity-modulated type 
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Figure 10. Alternative repeater arrangements 


having a flexible cavity which is mechani- 
cally varied to get the approximate fre- 
quency. The exact frequency is obtained 
by varying the repeller potential. 

Each antenna has a gain of approxi- 
mately 33 decibels over a simple half- 
wave antenna. The polarization is nor- 
mally horizontal but vertical polariza- 
tion can be used if desired. 

A feature of a pulse modulated oscilla- 
tor is that because power is not gener- 
ated continuously, the heating of the tube 
is less than for a continuous wave system 
and advantage may be taken of this by 
increasing the applied voltages so as to 
get increased power during the pulsing 
intervals. 

The radio transmitter is a simple self- 
excited oscillator which oscillates or not 
depending on whether a pulse is present. 
This oscillator is pulsed by a modulator 
tube whose plate connects to the cathode 
of the oscillator. The repeller electrode is 
pulsed simultaneously with a fixed frac- 
tion of the voltage applied to the cathode 
in order to reduce frequency modulation 
toa minimum. A peak pulse power of 2 
to 10 watts is obtained depending upon 
the type of tube and frequency. 

Radio frequency power from the oscilla- 
tor passes through a short coaxial lead 
which radiates into a wave guide through 
an impedance matching arrangement. 
The wave guide is tuned with a plunger 
at one end and delivers power to the an- 
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tenna at the other end. A coupling ar- 
rangement is provided on the latest 
model to permit in-service measurement 
of microwave power without affecting 
the power delivered to the antenna. 
Microwave power is measured with a 
portable direct-reading power meter. 

In the latest model of the receiver-con- 
verter, the beating oscillator is fed to a 


— LOW- eve 
a= PASS -- 
AUDIO SIGNAL | FILTER | VOICE INPUT 
LP 
Figure 11 


_ 


Figure 12. Typical voice input 
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wave guide through an attenuator 
coupling arrangement which permi 
amplitude adjustments or frequency 
measurements without regard to the im- 
pedance presented to the beating oscilla- 
tor by the antenna. 


. 


VIDEO REPEATER i 


The two radio sets forming a repeater 
can be joined either at voice or video 
frequencies (Figure 10). Joining at voice 
frequencies is a convenient arrangement 
if message circuits are dropped or added. 

When sets are joined at video frequen- 
cies, there is a saving in equipment be- 
cause the multiplex boxes are not re- 
quired. Instead, a video repeater is 
used. Located in the common box, this 
repeater provides order wire facilities 
for monitoring and modulating channel 1 
so that a relay attendant will be able to 
signal and talk to any other station along 
the route. In addition, the received 
pulses are lengthened to compensate for 
their having been shortened, chiefly by 
the preceding transmitter. 
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SPECIAL EQUIPMENT FEATURES 


The mechanical and equipment features 
of AN/TRC-6 were governed largely by 
Signal Corps specifications. Important 
objectives such as ruggedness, portability, 
maintenance, storm-proofing, ease of 
setup, weight, and dependability were 
given proper balance to obtain a set suit- 
able for military use. 

The 50-foot sectionalized welded alu- 
minum tubing tower consists of six 8-foot 
sections from two to three feet square 
with provision for omitting sections to 
obtain lesser heights. The four interme- 
diate sections are tapered and may be 
telescoped together for shipping. The 
top section rests in the base section to- 
gether with the hoisting boom during 
shipment. 

With the tower properly guyed, the 
movement of the antenna beam pattern 
is restricted to a fraction of a degree even 
in a 60-mile wind. The sets have oper- 


Figure 14. Diagram of V and U 
UV is the result of sampling V 
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Figure 15. Passing UV through a low-pass 


filter and amplifier to obtain V 
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_ Figure 16. Spectrum analysis of V and UV 
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ated successfully through two hurricanes. 


The electrical and mechanical perform- 


~ ance have proved satisfactory in actual 
field usage even when the antennas, top 
beam section, platform, tower, and guys 


were coated with more than three- 


_ quarters of an inch of ice. 


Pulse Modulation Principles 


The discussion to follow is a treatment 


of pulse modulation including the sam- 
_ pling principle and time division. To 


enumerate important features: 


1. It is the sampling principle which speci- 
fies the least number of points required to 


_ reproduce a changing voice wave. 


2. It is the job of the modulated pulses to 
carry this information to the distant re- 


ceiver. 


3. Pulse position modulation, like fre- 
quency modulation, reduces noise at the 
expense of band width. 


4, A method of scaling is described 
whereby time division is regarded as a scale 
model of a single channel system. 

In carrying out the pulse modulation 
method, the voice signal usually is passed 
first through a low-pass filter (Figure 11) 
to cut out all frequencies above an upper 
limit which is less than one-half the 
sampling frequency, f,. After filtering, 
the signal is designated V and termed 
voice input. 

V (Figure 12) is the instantaneous value 
of a short portion of a voice signal which 
might have passed the low-pass filter of 
Figure 11. The sampling principle 
teaches that if V is sampled instantane- 
ously at regular intervals T, where T is 
less than a half period of the highest fre- 
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quency in V, then the samples contain 
all of the information of the original sig- 
nal. The magnitude of a sample is the 
information a modulated pulse is required 
to carry to the distant receiver. 

The unit sampling wave (Figure 13) is 


designated U and will be used presently | 


to sample the voice. Mathematically U 
is regarded as equal to a d-c term plus 
harmonics of the sampling frequency, f,. 
The interval between pulses is designated 
T and equals 1/f,. The ratio of pulse 
length to the interval between pulses is 
designated k. 3 

The voice input and unit sampling 
wave are repeated at the top of Figure 14. 
Because U is either one or zero, the prod- 
uct UV is an analytical process for sam- 
pling the voice. The result is a series of 
positive and negative pulses. When U 
is one, the product is equal to the voice 
input and at all other times zero. 

Because UV is similar in appearance to 
amplitude modulated pulses (Figure 15), 
it is not surprising to find that an attenu- 
ated replica of V is obtained simply by 
passing UV through a low-pass filter. 
In the process of sampling and filtering, V 
is reduced by a factor k. Amplifying by 
a factor 1/k restores V to its original 
value. 

To bring out more concretely that 
passing UV through a low-pass filter 
produces the original signal, Figure 16 
presents a spectrum analysis of V and 
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Figure 18. Equation for signal-to-noise 
improvement resulting from slicer 
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also UV. The upper diagram is the | 
spectrum of V. After sampling V be- 
comes UV. The spectrum of UV is the 
spectrum of V, small but exact, together 
with upper and lower sidebands about 
harmonics of f,. 

Remembering UV is the result of 
sampling, we can draw a conclusion; if, 
in a communication system, the resultant 
sampling UV is transmitted to the dis- 
tant receiver either by direct transmis- 
sion or by conversion to pulse position 
modulation, the voice signal can be de- 
rived simply by passing through a low-. 
pass filter followed by an appropriate 
amplifier. 

The simple physical concepts of pulse _ 
position modulation (Figure 17) will be 
reviewed by considering an idealized 1- 
channel system. With no voice input, 
pulses of fixed amplitude and length recur 
at regular intervals T. When the chan- 
nel is busy, each pulse is displaced from 
its unmodulated position and occurs 
earlier or later depending on whether the 
voice signal is positive or negative. The 
exact displacement is linearly propor- 
tional to the instantaneous value of the 
voice wave at the time of sampling. With 
full input, the maximum excursion, neg- 
lecting the length of the pulse, is plus or 
minus T/2 or+1/2 f,. 

Figure 7 illustrates the reduction of 
noise by the slicer or double clipper. A 
practically noise-free pulse is delivered by 
the transmitting multiplex. A long radio 
path attenuates the pulse and noise is 
introduced by the receiver, producing a 
typical pulse with noise as indicated. 
The double clipper works in two steps. 
First, the top of the wave is shaved off 
reducing noise superimposed on the pulse. 
Second, the bottom of the wave is 
chopped off leaving a nearly noise free 
but attenuated pulse. This is amplified 
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Figure 20. Formation of J channels by time 
division 


and delivered to the receiving multiplex. 
It should be noted that whereas the effects 
of noise on amplitude can be practically 
eliminated by the slicer, nevertheless, 
the effects of noise on the exact timing 
of the pulseremain. However, the magni- 
tude of this error in timing can be reduced 
by increasing the band width. 

Because the exact time of occurrence of 
these nearly noise-free pulses is changed 
by the presence of noise at the input to 
the slicer, this effect, namely, the varia- 
tion in exact time of occurrence of the 
pulses, will register as additional noise in 
the final receiver. This additional noise 
is evaluated by an approximate formula 
(Figure 18) for the signal-to-noise im- 
provement due to the slicer (see Appen- 
dix). B/2./2f, is the improvement 
where B is the IF band.* This is the 
improvement for a single channel system 
whose maximum excursion approaches 
plus or minus 7/2. 

Because of the slicer, noise affecting 
the remainder of the system is restricted 
substantially to that which occurs during 
the time that the pulse amplitude is 
within the range of the slicer, provided the 
peak amplitude of the noise is less than 
one-half the peak amplitude of the signal. 
As the noise exceeds this limiting value or 
threshold, the ability of the receiver to 
distinguish between noise pulses and sig- 
nal pulses begins to deteriorate (Figure 
19). For values of peak noise below the 
threshold, the improvement in signal-to- 
noise ratio resulting from the slicer is 
constant. 

A feature of pulse position modulation 
is that for fixed average power out of the 
transmitter, the peak power can be in- 
creased as the pulse length is reduced. 
Thus, if the band width is increased K- 
fold, it is assumed the pulse length is 
divided by K and that the pulse power is 
increased K-fold. Assuming the noise 
has characteristics similar to resistance 


* An evaluation of the signal-to-noise ratio that is 
similar in principle is included in an article entitled 
“Pulse Time Modulation” by E. M. Deloraine and 
E. Labin in Electrical Communication, volume 22, 
1944, number 2, pages 91-8. 
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noise, the signal-to-noise ratio at the in- 


put to the slicer and, therefore, the 
threshold, are independent of band width. 
Because of the K-fold wider band, the 
maximum rate of rise and fall of the pulse 


will be increased K-fold, and conse- 


quently the signal-to-noise ratio at the 
output of the slicer further is increased 
K-fold which corresponds to a further 
improvement in decibels of 20 logy K. 
This is in contrast to a conventional fre- 
quency modulation system where, over a 
path of specified attentuation, the thresh- 
old represents a limitation on the signal- 
to-noise ratio obtainable with a given 
amount of carrier power. 

Passing to the theoretical concept of 
time division, a time division multiplex 
can be treated by first considering an 
idealized 1-channel system. Assuming 
one channel and maximum excursion of 
the pulse, the band width will depend 
upon the signal-to-noise improvement 
sought. For double sideband transmis- 
sion, the JF band will be twice the video. 
The band width of the transmitter should 
equal that of the receiver. The pulse 
should be as short as the band width of 
the system will tolerate. 

To provide J channels by time division 
(Figure 20), all significant band widths 
are increased J-fold; the length of each 
pulse is divided by J; the peak power of 
each pulse is multiplied by J; J pulses 
appear in each frame; the average power 
of the transmitter is increased J-fold; 
and the modulation or maximum excur- 
sion of each pulse is divided by J. Form- 
ing a scale model in this fashion, the J- 
channel system will have the same thresh- 
old and same signal-to-noise ratio as the 
idealized 1-channel system. 


Transmission Performance 


Microwave propagation at frequencies 
of 4,000 to 5,000 megacycles is subject to 
fading, and observed diurnal and sea- 
sonal effects are evidence of a close con- 
nection between microwave propagation 
and local meteorological conditions. 


Figure 21. 


Typical transmission-frequency 
characteristic 
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Figure 22. Typical load aicraunen 


However, the presence of rain or snow in 
the transmission path has given no evi- 
dence of causing serious increases in at- 
tenuation. Although the radio propaga- 
tion may vary by very substantial 
amounts, the transmission stability of 
the message circuits is extremely good. 

The eight message circuits which each 
AN/TRC-6 system provides are high 
quality telephone circuits and meet com- 
mercial standards for long distance tele- 
phone transmission. The individual 
message circuits may be terminated 2- 
wire or 4-wire and may be used to trans- 
mit signaling, dialing, facsimile, pictures, 
or multichannel voice frequency tele- 
graph. In the-latter instance, a single 
message circuit will handle as many as 
18 separate teletypewriter facilities. 

As indicated by Figure 21, the trans- 
mission—-frequency characteristic of each 
of the eight channels varies less than one 
decibel from 300 to 3,300 cycles, and, as 
shown by Figure 22, each channel is ca- 
pable of handling inputs up to about plus 
eight decibels above a milliwatt at the zero 
level point (2-wire input) without appre- 
ciable overloading. The load capacity 
of the receiving multiplex is sufficient 
so that when terminated 4-wire, the cir- 
cuit can be adjusted to nine decibels gain. 
Receiving potentiometers provide a con- 
tinuous adjustment of channel gain over 
a 15-decibel range. 

Inspection of Figure 23 shows that the 
circuit noise observed on a single link is 
dependent upon the attenuation in the 
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increases with the number of repeaters. 
owever, the individual message circuits 


absence of fading is approximately six 
decibels above reference noise when 
measured at a receiving level nine deci- 
bels below zero level. In terms of rms 
‘signal-to-noise ratio, assuming the signal 
is plus eight decibels above a milliwatt 
at zero level, this corresponds to a signal- 
‘to-noise ratio of 75 decibels. Further in- 
spection of Figure 23 will show that on a 
50-mile path, a margin against failure of 
- approximately 48 decibels has been built 
into the set, and fades approaching this 


Figure 23. Message circuit noise for a single 
link versus path loss 
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magnitude can be encountered before 
the system fails. 

The intervals of time that are signifi- 
cant in determining the exact position in 
time of a channel pulse are small. For 
example, in Figure 23, if the relative ran- 
dom jitter in the trailing edge of the chan- 
nel pulses had been as great as one 
thousandth of a microsecond, the noise 
meter readings for sufficiently low values 
of path attenuation would have been 
slightly more than 3 decibels higher than 
the experimental values observed. 

Two-way voice transmission over radio 
links totalling 1,600 miles and one-way 
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Figure 24, Transmission stability of 3,200- 
mile circuit 


over 3,200 miles have: been accomplished ~ 


successfully in demonstrations. To do 


this, ten radio sets were set up to form | 


five two-way 8-channel systems each 
operating simultaneously over the same 


40-mile air path. The five links were > 


connected in tandem to form a two-way 


8-channel system 200 miles long with four 


intermediate repeaters. By connecting 
all channels in tandem a two-way 1,600- 
mile circuit was obtained. Finally, by 
connecting both directions together, ex- 
cellent 1-way transmission was ob- 
tained over an air path 3,200 miles long. 
To illustrate the over-all stability of the 
3,200-mile circuit, Figure 24 is a typical 
24-hour recording of the received level 
of a 1,000-cycle test tone and it can be 
seen that the maximum variation is 
less than plus or minus 0.5 decibel. 


Conclusion 


Although this equipment was designed 
for military use, its basic principles and 
design features can be used to provide 
telephone and other communications to 
the public. Sharply beamed radiation 
and reception, pulse modulation and time 
division multiplex are all factors which 
tend to make such systems attractive 
and their economic field in competition 
with other alternatives needs to be de- 
termined. 


Appendix 


Noise will modify the times at which the 
incoming pulses reach the slicing or trigger- 
ing level. Figure 18 shows how a small 
noise voltage N, superimposed on a video 
pulse of amplitude S, changes the triggering 
time by an amount €. From the geometry 
of the figure, S/N=1/Be. After passing 
the JF amplifier of band width B and 
second detector, the approximate slope of 
the leading edge of the pulse at the slicing 
level is SB and the corresponding ‘‘time of 
rise’ is 1/B. When the output of the slicer 
is passed to the receiving multiplex, the 
error in timing € will cause a noise voltage 
Np in the output of the receiving multiplex. 

Assuming a 1-channel system (Figure 17) 
and supposing that the maximum excursion 
of a pulse can assume its limiting value of 
plus or minus 1/2f,, plus or minus 1/2f¢ 
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Synopsis: Because of the violent maneu- 
vering possibilities in modern aircraft, the 
usefulness of azimuth indicators in avigation 
depends on circumstances not existing in 
marine navigational applications. New 
problems in direction indicating instruments 
therefore have been introduced, such as the 
perplexing problem of obtaining indication 
after loops or rolls. Azimuth indicating 
systems now used in aircraft have not given 
a completely satisfactory solution to such 
problems. 

This paper summarizes the progress from 
the direct reading compasses to monitored 
gyroscopes and concentrates on the unique 
problems in aircraft where space limitations, 
reliability, and operation at all altitudes are 
important. It indicates how azimuth indi- 
cators and auto pilot controls close to the 
ideal are obtainable by the use of special 
features including a novel ‘‘nontumbling’”’ 
mechanism and an electromagnetic type of 
gimbal adjusting device. 


URING the past few years more em- 

phasis has been placed on the de- 
velopment of a directional indicating and 
control system which will meet the new 
rigid requirements for avigation as well as 
the older well-established needs of naviga- 
tion which are still used in guiding air- 
craft. The first systems for use in air- 
craft followed the natural development 


Paper 46-192, recommended by the AIEE com- 
mittees on air transportation and instruments and 
measurements for presentation at the AIEE Pacific 
Coast meeting, Seattle, Wash., August 27-30, 1946. 
Manuscript submitted November 23, 1945; made 
available for printing July 18, 1946. 


E. E. Lyncw and R. A. PFUNTNER are both with the 
General Electric Company, Lynn, Mass. 


represents the peak modulation (displace- 
ment in time) of a pulse from its unmodu- 
lated position. The corresponding rms 
displacement when the pulses are modu- 
lated fully by a single frequency test tone 
approaches 1/2+/2f,. If So denotes the 
corresponding rms signal voltage in the 
output of the multiplex, =K/24/2f, 
where K is a constant factor of proportion- 
ality. 

In Figure 18, NV can be regarded as the 
voltage of an instantaneous noise sample 
taken at the time of triggering and € as 
the corresponding error in timing caused 
by the noise sample. N can vary from 
sample to sample. The approximate rms 
value of € can be taken as the rms value of 
N divided by SB. In this case M will 
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trend towards improvement of naviga- 
tional compasses. 
tional and translational accelerations 
which are experienced in modern aircraft 
bring forth new and, until recently, un- 
solved problems in azimuth indication. 
A major and perplexing problem is that of 
obtaining indications during steep banks, 
rolls, and loops. It is the purpose of this 
paper to point out the principal features 
needed in an azimuth system for use in 
modern aircraft and to indicate how 
some of the major problems can be solved. 
It will be shown how a modern measure- 
ment system has been designed which 
closely approaches the ideal. 


Existing Systems 


Before stating the ideal characteristics, 
it is desirable to review briefly some of the 
systems utilized for indicating and con- 
trolling aircraft directions. The direct 
reading compass is simple, rugged, light 
in weight, and small in size. Under favor- 
able conditions it is reliable and accurate. 
Because its indications often fluctuate 
rapidly and are influenced by proximity 
to magnetic fields or magnetic materials, 
its use is often limited to emergencies. It 
also displays the northerly turning errors 
which are well known to pilots and others 
familiar with compasses.! The remote in- 
dicating compass helps to solve the diffi- 
culty resulting from magnetic fields and 
materials by locating the direction sensi- 
tive element in a position where such in- 


denote the rms noise voltage in the output 
of the multiplex. If the noise voltage at 
the input to the slicer has the characteristics 
of resistance noise, its rms value will equal 
the rms value of the instantaneous noise 
samples JN, 

Since 
So=K/2/2f, 
and 
No=KN/SB 
then 


Sie eee 


No N° 2./2f, 
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However, the rota- 


maneuvers and while flying in 
However, because the See 
is kept vertical by gravity control, 
have some errors during maneuvers of 
long duration since centrifugal forces ; 
fluence the apparent direction of th 
gravitational force. It also has the dis. 
advantage of heavy weight and larg 
size in the forms that are generally avail- 
able. Although in this general design the 
compass transmitter including the gyr 
scope can be located remotely to minimiz 
magnetic effects, its location must be 
selected carefully to provide sufficient 
space and to be sure that vibration 

not damage the gyroscope bearings. 
Modern high speed airplanes allow only a 
few inches of height in the wing tips where 
it is often desirable to locate the trans- 
mitter. 

Another class of azimuth indicator is 
the directional gyroscope which in its 
electric form* has been used mainly as an 
indicating and control instrument in a 
relief type of autopilot. This device 
gives an indication that is well-stabilized 
but is subject to gradual drifting or wan- 
dering and must be reset frequently to the 
magnetic compass heading. A part of the 
drift may be the result of gimbal bearing 
friction, unbalance, or mechanical im- 
perfections, but a more fundamental cause 
is the rotation of the earth which produces 
an apparent drift depending on the geo- 
graphical location and heading of the 
directional gyroscope. Resetting is in- 
convenient and may result in an error if 
the compass happens to be under the in- 
fluence of temporary accelerations when 
the heading is transferred from the com- 
pass to the gyroscope. 


To avoid these difficulties the direc- 
tional gyroscope can be reset auto- 
matically and continuously to agree with 
the compass. Such an arrangement 
utilizes a remote compass transmitter 
and thus minimizes magnetic difficulties. 
Because it utilizes a directional gyroscope, 
its indication is stable. However, there 
still remains an unsolved problem in con- 
ventional directional gyroscopes, whether 
compass controlled or not. This is the 
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elimination of the error in indication or 
~ complete loss of indication caused by the 
upsetting of the gyroscope motor because 
of insufficient freedom of movement with- 
in its gimbal mounting. With modern 
aircraft violent maneuvers are possible 
_ and loops or rolls must be expected with 


bie 


military planes. These maneuvers will 
cause normal directional gyroscopes to 
upset. 


E Ideal Characteristics of a Modern 
- Azimuth Indicating System for 
Aircraft 


YY 


renee 


From the foregoing discussion of the 
limiting features in existing arrangements, 
it can be seen that an ideal azimuth indi- 
cator or control system for use on modern 
aircraft must meet certain requirements 
to avoid the difficulties described. With- 
out attempting to cover all the requisites,® 
one may state that such a measurement 
system should be light and small, and 
should occupy minimum panel space. 
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nents of azimuth in- 
dicating system 


Such a system should have provision for 


minimizing the effects of magnetic fields 


or magnetic materials, and its accuracy 
should meet the requirements of the 
application. It should produce an indi- 
cation which is stable. Its reading should 
not be excessively disturbed by normal or 
even violent maneuvers. It also should 


Figure 2. Schematic diagram of azimuth indi- 
cating and control system 


B—Selsyn detector 
D—Torque motor 

F—Auto pilot “pick-off” 
H—Subtransmitter 
J—Winding 

K—Allnico bar magnet 
[—Magnetic vane mounted on shaft 
M—Vanes 

N—115-volt 400-cycle source 
O—Switch 

P—Copper cylinder 
Q—4-pole disk magnet 
R—Motor shaft — 

S—Main gimbal 


*0** TO DIRECTIONAL 
REPEATERS -1I 


TO SMALL 
COMPASS 
REPEATER E 
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& iFicare ie Compo- 


: 
have some provision for minimizing turn- 
ing and acceleration errors. For many 
applications it should have provision 


for transmitting the indication to a num-_ 


ber of remote stations and it also should 
provide the necessary signals for azimuth 
stabilization or azimuth autopilot control. 
An additional feature considered of much 
importance is an emergency compass, so 
that if the gyroscope fails there will still 


remain a readable indication which is in- 


dependent of local magnetic effects. A 
further very important feature is the 
characteristic of ‘“‘safe failure’ if any- 
thing should go wrong with the system. 


Important Features for an Ideal 
System 


Three important features which help to 
meet these requirements are compass 
control, automatic gimbal adjustment, 
and nontumbling action. The first tends 
to hold the gyroscopic indication in agree- 
ment with the average compass position 
regardless of any natural tendency to 
drift. The second continuously tends to 
adjust the gimbals to a position at right 
angles to each other so that they will not 
drift into line and cause an upsetting con- 
dition. The third feature makes it pos- 
sible to operate satisfactorily even during 
violent maneuvers by eliminating the un- 
desirable tumbling action which occurs in 
normal limited angle directional gyro- 
scopes. 


General Description of an Improved 
System 


The following will show how an azimuth 
control system, which very closely ap- 
proaches the requirements of the ideal, has 
been obtained by the controlling or moni- 
toring of a small nontumbling directional 
gyroscope by means of a remote mag- 
netic compass. The basic devices re- 
quired are shown in Figure 1 and will be 
discussed in detail under ‘Operating 
Principles.” 

In order to overcome the tendency of 
the gyroscope to drift in azimuth, a mag- 
netic compass transmitter of the remote 
indicating type corrects the heading of the 
gyroscope continuously, but at a very 
slow rate. By this means both the natural 
tendency of the gyroscope to wander and 
the large oscillations of the compass are 
reduced to negligible values. 

A second harmonic signal from the re- 
mote compass transmitter A, as shown in 
Figure 2, is applied to a Selsyn detector B 
located on the azimuth axis of the gyro- 
scope. Any angular difference between 
the compass and gyroscope is translated 
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TRANSMITTER L—___, J 


6192-3 


__ INDICATOR 


POWER SUPPLY 


Figure 3. Basic diagram of Selsyn tereeater 
\ circuits 


into a voltage which is amplified in a 


_ stabilizing control box C and used to cor- 


rect the gyroscope heading. The control 
is accomplished in a torque motor D 
attached to the gyroscope. 

The headings of the compass trans- 
mitter and the gyroscope instrument at 
any instant may be compared by means of 
a small compass repeater EF located in the 
face of the directional gyroscope. This 
repeater, which is connected directly to 
the remote compass transmitter, pro- 
vides both a check on the correct func- 
tioning of the system and a very im- 
portant stand-by instrument in case of a 
failure of the gyroscope or automatic con- 
trol. 

An inductive type polyphase electro- 
magnetic “pick-off”? F generates alter- 
nating voltages G capable of azimuth 
control of an automatic pilot or other 
equipment. 

Because many airplanes require several 
simultaneous indications of direction in 
various parts of the airplane, a subtrans- 
mitter H, as shown in Figure 2, which is 
similar in principle to the remote indicat- 
ing compass transmitter, also is provided. 
This is capable of operating a number of 
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as 


repeaters duplicate ‘the signal of th 
directional gyroscope and therefore ara’ / 


not subject to the usual compass errors or 
oscillations. Should the gyroscope fail, 


however, they may be connected directly 


to the compass transmitter by switch O- 
shown in Figure 2. With this connection 
they provide a conventional remote com- 
pass system. 


Operating Principles 


A system such as the one described has 
many features which are responsible for 
its satisfactory operation. Included in a 
list of such features are 


1. The Selsyn detector to determine the 
difference between compass and gyroscopic 
indications. 

2. The stabilizer control unit that detects 
which direction the torque motor should run 
and controls that motor. 


3. The torque motor for correcting the 
gyroscopic reading. 

4. Thegyroscope motor. 

5. The repeater circuits which make 
possible the transmission of the stabilized 


gyroscopic indication to a large number of 
directional repeaters. 


The operating principle of units furnish- 
ing these features will be outlined before 
discussing the details of the very impor- 
tant automatic gimbal adjustment and 
nontumbling action features. 


REMOTE COMPASS SYSTEM 


The compass transmitter and repeater 
usually are connected in a circuit similar 
to that shown in Figure 3. Double fre- 


Figure 4. View of 
stabilizer control 
with cover removed 
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Figure 5. Gyroscope motor for compas 
controlled directional gyroscope 3 


quency voltages are generated in the 
transmitter windings by the interactior 
of the d-c flux from the north-seekins 
compass magnets and the a-c flux from 
the power source in a saturatable core 
material. The generation of double fre 
quency voltages by this saturating mean; 
and their use in repeater instruments al 
ready has been described adequately.” 

The distribution of the voltages about 
the core is determined by the angular 
position of the transmitter magnets rela. 
tive to the core and coils, and since the 
magnets are free to align themselves with 
the earth’s magnetic field, double fre- 
quency voltages are obtained whose rela- 
tive magnitudes are a function of mag- 
netic heading of the aircraft. The usual 
practice is to impress these voltages upon 
an indicator whose magnetic construction 
is similar to that of the transmitter. In 
the indicator the interaction of the a-c 
flux from the power source and the double 
frequency flux from the compass trans- 
mitter generate a d-c field across the di- 
ameter of the indicator core. Since the 
angular position of this d-c field is a func- 
tion of the transmitter heading, it is used 
to hold the indicator magnet to which the 
indicating pointer is attached in agree- 
ment with the transmitter heading. 


SELSYN DETECTOR 


In the control of the directional gyro- 
scope the compass transmitter is con- 
nected to the Selsyn detector. In the de- 
tector the polyphase coils and core differ 
from those of the conventional compass 
indicator or repeater by the fact that 
saturation of the core does not occur. 
Thus a double frequency flux with a 
direction depending on the voltage pat- 
tern of the transmitter is obtained instead 
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nounted on a shaft, as shown by L in 
igure 2, can pick up this flux and guide 


gular position of this double frequency 
flux. If the vanes are exactly in line with 
a-c field, a maximum voltage will be 
uced in the coil, but if the vanes are 
urned 90 degrees from this position, zero 
oltage will be induced. By mounting 
he vanes on the gyroscope azimuth shaft 
the zero voltage position is used to detect 
when the gyroscope azimuth axis is in 
greement with the compass heading. 
Any voltage present in the detector coil 
indicates an error in the gyroscope head- 
‘ing, the direction of which is determined 
‘by the polarity (in phase or 180 degrees 
out of phase from a reference voltage) of 
he alternating voltage. 


STABILIZER CONTROL UNIT 


_ The detector output is impressed upon 

an electronic control unit which amplifies 
and rectifies the signal to give a d-c out- 
put for operation of the torque motor to 
bring the gyroscopetothe correct heading. 
_A photograph of the stabilizer control unit 
with the cover removed is shown in Figure 
“4, The signal first is amplified in a con- 
ventional 2-stage amplifier circuit. It 
then is rectified. During rectification 
it is combined with a properly phased 
master voltage to obtain a direct current 
which reverses if the polarity of the input 
“reverses. This direct current in turn is 
amplified and used to control the torque 
_ motor. 


Torque Moror 
E 


The torque motor D, Figure 2, is 

a . 
operated by direct current from the 
- stabilizer control unit circulating between 
‘the center tap and either end of a winding 
J. The current in the coil produces a 
magnetic field inside it parallel to the 


MAIN GIMBAL AXIS 


MAIN GIMBAL 


(a) 
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Two magnetic vanes 


‘through a detector coil to detect the | 


. 


NON TUMBLING 
COMPENSATION 
PIN 


gyroscope main gimbal axis and in a 
direction determined by the direction of 


_ the correction required. Four alnico bar 


magnets K are placed on the sides of the 
motor frame with their axes parallel to the 
motor shaft. The magnetic field from the 
coil reacts with these magnets to produce 
a torque in such a direction that preces- 
sion will take place about the azimuth 
axis. Precession will continue until the 
compass and gyroscopic indications are 
in agreement. 


Gyroscore Motor 


The gyroscope motor shown in Figure 5 


is a 3-phase 2-pole hysteresis-type motor — 


which operates synchronously at 24,000 
rpm and is capable of furnishing a power- 
ful starting torque. Adequate moment of 
momentum is provided by means of an 
external rotor shell of a tungsten alloy, 
and this together with the high rotating 
speed gives the necessary stabilizing 
torque. Special bearings designed to with- 
stand high vibration accelerations give 
these motors improved characteristics. 


REPEATER SYSTEMS 


In order to utilize the stabilized direc- 
tional gyroscope for other purposes than 
as an individual indicator, additional re- 
peater systems are employed. One of 
these is the subtransmitter H shown in 
Figure 2. In principle this transmitter is 
equivalent to that of the remote compass 
except that the transmitter magnet is 
attached to the gyroscope azimuth axis. 
By means of a circuit similar to that 
shown in Figure 3, the heavily damped 
gyroscope subtransmitter signal may be 
used to actuate a number of standard re- 
mote directional repeaters located con- 
veniently about the aircraft. 

A second system is the autopilot azi- 
muth control which is initiated by a signal 
from a polyphase “‘pick-off’’ mounted 


Figure 6. Typical 
toy gyroscope 


A. Standard type 

B. Special type 

equipped with non- 

tumbling compensa- 
tion 
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Figure 7. Indication during an Immelman 


turn 


A. Without a compensating device 
B. With a compensating device 


around the gyroscope azimuth shaft as 
shown at F of Figure 2. The construction 
of this ‘‘pick-off”’ is similar to that of the 
Selsyn detector, but its operation is some- 
what different. The power supply fre- 
quency is supplied to the single center 
coil and the vanes M distribute the flux to 
the outer polyphase coils in accordance 
with the angular heading of the gyroscope. 
Voltages produced in the polyphase coil 
are therefore a function of the gyroscope 
heading. These voltages may be used for 
accurately controlling and _ stabilizing 
various directional devices. 


Automatic Gimbal Adjustment 


A very important feature is used in this 
compass-controlled gyroscope system. An 
automatic method of keeping the gimbals 
at right angles to each other prevents 
the horizontal gimbal from precessing 
into line with the main gimbal. Such a 
lineup of the gimbals causes the gyroscope 
to upset. Figure 2 shows the construction 
schematically. A copper cylinder P is at- 
tached to the instrument frame in such a 
manner that it surrounds the gyroscope 
motor and its axis coincides with the main 
gimbal axis. In the actual design illus- 
trated, this cylinder also serves as the 
mechanical support for the torque motor 
coil. A 4-pole disk magnet Q is attached 
to the end of the motor shaft R and turns 
with the motor rotor at 24,000 rpm. 
Eddy currents are induced in the copper 
ring by the spinning magnet and produce 
an electromagnetic drag acting on the 
motor rotor. 


As it revolves the upper part of the 
magnet moves in one direction with 
respect to the cylinder, and the lower part 
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_ moves in the other direction. The torques 


caused by the upper and lower parts of | 
the magnet are, therefore, symmetrical 
when the spin axis is level, and no re- 


- sultant drag exists about the vertical 
axis. When the motor axis becomes tilted 
with respect to the plane of the copper 
cylinder, the forces become unbalanced 
because one-half of the magnet disk is 
closer to the cylinder than the other. This 
force unbalance results in a torque about 
the vertical axis of the gyroscope which 
causes precession about the horizontal 
axis and prevents gyroscopic upset by 
keeping the spin axis at right angles to the 
main gimbal S. 
‘ 
Nontumbling Gimbal Reversal 
Feature 


It previously has been pointed out that 
the system should indicate correctly after 
all the maneuvers that an aircraft may be 
expected to perform. The maneuvers in- 
clude loops and rolls which cause conven- 
tional directional gyroscopes to upset be- 
cause the angular movement of the spin 
axis in the main gimbal is limited. Uni- 
versal freedom mounting can be designed 
to reduce the hazard of upset. A toy 
gyroscope such as shown in Figure 6A 
illustrates the general construction. Prob- 
lems arise, however, which make it im- 
practical or, at least, undesirable. 

One major problem is illustrated by the 
fact that with 360 degrees freedom it is 
possible to go through certain maneuvers 
such as an Immelman turn where, after 
coming out of the maneuver, the instru- 
ment will read incorrectly by 180 degrees 
as shown in Figure 7A. This is further 
complicated by the fact that when going 
through a similar maneuver at a slightly 
different heading, this reversal will not be 
present. 

In order to clarify this principle, con- 
sider Figure 6 which illustrates schemati- 
cally a directional gyroscope. There are 
two conditions limiting the directional 
gyroscope’s proper use. 


1. The spin axis is fixed in direction. 


2. The base is fastened to the aircraft and 
is upright in normal flight. 


+ 
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Figure 8. Typical control rate for gyroscope 
azimuth precession 
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Figure 9. Typical control rate for leveling 
gyroscope gimbal 


The angle 6, Figure 6A, between the 
plane of the base ring and the plane of the 
main gimbal is a measure of the gyro- 
scopic indication. It is evident that with 
only these two limitations, the angle @ 
can have two values differing by 180 de- 
grees for a particular heading of the gyro- 
scope base ring, since besides the position 
illustrated, we can turn the spin axis as 
shown by arrow JY, continuing it through 
the main gimbal, and then we can bring 
the black end of the spin axis back to the 
left hand side by rotating it about the 
main gimbal axis. Thus for the same 
heading of the aircraft, we have two 
azimuth readings differing by 180 de- 
grees, 

The fact that both of the foregoing 
readings can exist is verified during an 
Immelman turn, which is illustrated by 
the following experiments. If the air- 
craft is considered heading in the direc- 
tion shown on the gyroscope base in Fig- 
ure 6A, and if the base is rotated as shown 
by the arrow X (keeping the spin axis in 
the plane of the base ring) until the base 
is upside down, the angle @ will not 
change. If the base then is returned to 
normal by rotating about the spin axis, 
@ still will be unchanged. 

If the experiment is repeated in a 
similar manner, but if the spin axis inten- 
tionally is kept slightly off the plane of 
the base ring, then a phenomenon occurs 
which at first thought may seem strange. 
The main gimbal rotates 180 degrees on 
its own axis as the base turns upside down. 
This phenomenon is caused by the gyro- 
scope’s tendency to keep its spin axis 
pointed in one direction. When the gyro- 
scope is mounted in gimbals with axes at 
right angles to each other, the main gimbal 
must turn in the manner described in or- 
der to allow the spin axis to hold its 
direction. This action is referred to as 
gimbal error action in less violent maneu- 
vers. 

The problem is to eliminate the possi- 
bility of having two different indications 
for the condition where the aircraft is up- 
right and headed in one particular direc- 
tion. A stop to prevent the spin axis 
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and therefore no meeps.) 
action takes place. ; Ane 

The stop is placed so that teal 
gimbal cannot quite line up with 
gimbal, and two aaditsonat desir 


sults are attained. es 


1. Since the inner gimbal will not 
360 degrees, spirals can n be used to lead 
rent into the motor rather than slip 
This eliminates undesirable friction. 

2. Since the axis of the inner and main gi 
bal never can line up exactly, the maximt 
undesirable effects of “gimbal lock” ¢ 
eliminated. ‘‘Gimbal lock” is the conditi 
where the spin axis lines up with the mi 
gimbal axis, and in this position friction 
the motor bearings will tend to turn t 
main gimbal and thus start the directior 
gyroscope indicator dial spinning. 


Operating Characteristics 


There are certain operating characte 
istics of especial interest in the compa: 
controlled directional gyroscope. Sor 
of these may be called design characte 
istics since they are easily adjustable 


‘design. These would include the pr 


cession rate of the gyroscope azimu 
correction, and the leveling rate of f 
gyroscope gimbal automatic adjustmer 


PRECESSION RATE 


The advantage of a high rate for cc 
recting the gyroscope indication lies 
the faster return of the gyroscope whi 
large errors occur, and also in a reductic 
in errors caused by the drift of the gyr 
scope that is being compensated for, 
shown in the appendix. However, b 
cause the compass may have large erre 
during turns, a high rate might cau 
greater gyroscopic errors than a low rat 
Figure 8 illustrates a typical control ra 
curve where the amplifier is designed 
change from zero to the maximum ct 
rent very quickly, and thus give a hi; 
correction rate for small angles of devi 
tion. It has an approximately consta: 
rate for all larger angles of deviation 
order to reduce turn errors. 


LEVELING RATE 


Another characteristic is the leveli: 
rate of the automatic gimbal adjustmer 
With the construction shown in Figure 
characteristics similar to those illustrate 
by Figure 9 are obtained where the ma» 
mum value may be varied by the streng 
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TIME (SECONDS)—= 


Figure 10. Data typical of actual results 
during a complete loop 


of the alnico bar magnet. Since the dip of 
the motor normally is not transmitted to 
the dial, the shape of this curve is not 
particularly critical. Ordinarily there is 
nothing to upset the motor to a position 
outside the range of the copper ring, but 
if considered necessary, air drag on the 
motor rotor may be used as a leveling 
means for the high angles. 

Flight Data During Violent 

_ Maneuvers 


Very important operating character- 
istics are shown by actual flight data. 
Figure 10 shows the data taken during a 
loop starting on a 90-degree heading in a 
typical flight test. 


Conclusions 


This system will give satisfactory over- 
all operation covering a wide range of 
voltage, frequency, temperature, and 
attitude conditions. For optimum per- 
formance, however, the frequency should 
be kept within ten per cent of its rated 
value, and volts per cycle within a similar 
range. 

As fast as instrumentation and control 
of aircraft in azimuth have posed new 
problems to solve, new techniques have 
been developed to meet the requirements. 
Magnetic compasses, stabilized com- 
passes, and compass-controlled gyroscopes 
have all been steps in the evolution of 
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direction indication but have failed in the 
past to be adequate for the violent maneu- 
vers which modern fast airplanes can per- 
form. It has been shown, however, that 
one form of compass-controlled direc- 
tional gyroscope when supplied with the 
new “‘nontumbling feature” can provide 
satisfactory operation for these applica- 
tions. Not only can this be accomplished, 
but the weight and size are such that the 
gyroscope indicator can be mounted in a 
standard 3!/s-inch-diameter A N-size in- 
strument panel cutout, a feature pcs is 
extremely desirable. 


Appendix. The Servomechanism 
System of an Improved Azimuth 
Indicator 


With reference to Figure 2, the primary 
detector of the directional measuring system 
is a permanent magnet which seeks a north- 
south direction in the remote compass 
transmitter A. A voltage pattern is pro- 
duced which is transmitted to the compass 
repeater / and, if desired, can be trans- 
mitted to the directional repeaters J. The 
main function of the voltage pattern, how- 
ever, is to act as the “desired behavior” of a 
regulatory loop or closed casual servo sys- 
tem. A paper on this subject, entitled 
“Unified Symbolism for Regulatory Con- 
trol” by G. A. Philbrick, was presented at 
the December 1945 meeting of the American 
Society of Mechanical Engineers. Figure 
11 shows a graphical or symbolic diagram of 
the servo system. 

This voltage pattern produces an a-c flux 
in the Selsyn detector B that has a direction 
determined by the pattern. Using the 
symbolism of Brown and Hallé this direction 
can be represented functionally by 9,(?). 
The gyroscope itself positions pickup vanes 
in the Selsyn detector, the direction of 
which can be represented functionally by 
@,(t). The difference between the compass 
reading (corresponding to the flux direction) 
and the gyroscopic reading (corresponding 
to the vane direction) then is represented 
by 9,(t) —0,(t) and this corresponds to the 
error signal voltage £&(f) induced in the 
pickup coil. 

This error signal voltage £(t) isthe input to 
a stabilizer control C, the outputs of which 
are direct currents. These currents flow 
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Figure 11. Graphi- 
cal and symbolic dia- 
gram of compass con- 
trolled directional 
gyroscopic servo 
mechanism 


€ (t)= 6) (t)-@o(t) 


Lynch, Pfuntner—Azimuth Indicating System 


through tn coils of a torque motor D to 
produce a torque which can be represented — 
functionally by T;,(f). If the combined 
operator is C,(p), then the torque 7;(é) is 
the result of C,(p) operating on the input 
&(@). This output torque 7;,(#) combines 
with disturbance torques T,(¢) such as those 
causing drifts to cause precession of the 
gyroscope in a direction to reduce the error 
signal. This precession operator H,(p) 
operating on the torques determines the 
position of the pickup vanes. 


Hi, (b) [Te (t) +To(t)] =9o(t) 


Figure 11 easily can be recognized as a 
standard simple servomechanism. The 
operator C;,(p) can be cousidered a constant 
K for small values of &(f) because in this 
region the stabilizer is a proportional ampli- 
fier, and the torque from the precession 
coils is essentially proportional to the cur- 
rent. However, for large values of £(é), 
the amplifier saturates, and C,(p) has the 
necessary value to keep T;(t) or Ce(p)é(E) 
essentially constant. The differential opera- 
tor H,(p) is essentially an integral operator 
1/p since the speed of gyroscope precession, 
or (d0@,)/dt, is proportional to the torque 
T(t) + To(t). 

From this discussion it is apparent that 
the standard simple servomechanism equa- 
tions which are covered fully in another 
paper® can be used to predict errors and 
stability of such systems. 

The three basic equations can be written 
as follows, omitting (¢) where convenient: 


E(t) =O; (4) — 9, (4) 

or (1) 
E=0,— 

T(t) =Ce(p)é 

or (2) 
Ter Ke 

Qo (t) = Ho(p)[Te(t) + To(2)] 

or (3) 
0, =1/p[T.+To] 


Subtracting 6; from each side of equation 3 
and substituting equation 2 in equation 3, 


0; -8, =9;—1/p|KE+T)] 
which from equation 1 gives 


£=0,—1/p KE—1/p T) 


o6gae/t 


DRIFT 
TORQUES 


Te (t) + To (t) 
TORQUES 
Ho(p) 


TORQUE 
MOTOR 
0 


Te (t) =C_ (p)[Et)] 
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Theu use of this denominator as an. over-all 


system operator has been recognized in 
-servomechanism design for years. ; 
Thus (p+K)~! summarizes the system 
behavior over the range that K isa con- 
stant. Since (p+K)~} is the Laplacian ‘ 


transform for e~** its characteristic is an 


" overdamped system without oscillation and 
- with a time constant determined by re. f 
From equations 1, 2, and 3 


Cc(b) Ho(b) Oi(t) +-Ho(b) To(t) 
1+ C.(p) H-() \ 


armas 
or 


d0, 
7K Oi Oo) + To 


For “‘steady”’ conditions 


PG =te SL / Kk eS) 


Equation 5 leads to the conclusion that 
the basic error of the system can be kept 
small by increasing the gain represented by 
K and by reducing the undesired torque T,. 
Equation 4 which indicates a nonoscillating 
system with a time constant determined by 
K also indicates that K may belarge without 
producing undesirable characteristics. 

If K is to be large over the range that it is 
a constant, and if the precession rate is to 
be limited beyond this range in order to re- 
duce errors that result from the gyroscope 
following the compass during the period that 
turn errors are present in the compass, a 
characteristic curve as shown in Figure 8 
results. 

With this characteristic, errors caused by 
normal undesirable torques are negligible 
and normal turn errors are small. If exist- 
ing turn errors are objectionable, the com- 
pass control can be disconnected during 
turns. 


References 


1. NoORTHERLY TURNING ERROR OF THE MAGNETIC 
Compass For ArrcrarFt, C, S. Draper, W. H. Cook, 
W. McKay. Journal of the Aeronautical Sciences, 
July 1938. 


2. ELECTRICALLY OPERATED Gyroscopic INSTRU- 
MENTS, H. Konet. AIEE Transactions, volume 
63, 1944, October section, pages 735-8. 


38. ELECTRICALLY DRIVEN GyROSCOPES FOR AIR- 
craFt, H. M, Witherow, Albert Hansen, Jr. AIEE 
TRANSACTIONS, volume 63, 1944, April section, 
pages 204-8, 


4. ELEcTrIcAL ConTROL IN Automatic PiLors, 
C. M. Young, E. E. Lynch, E, R. Boynton. AIEE 
TRANSACTIONS, volume 63, 1944, December section, 
pages 939-43. 


812 TRANSACTIONS 


he G LLovD , 


= AGF ey AEE. 
makes, babe nea 
Ng oh 


made to present a design point of view, 


indicating that the criterion for a design e 
method is its direct ability to provide the a le 
construction data whereby desired ma- 


chine specifications are met. The idea 
was illustrated by a procedure for poly- 


phase motor design, stripped of refine- 


ments, and employing a magnetic circuit 
of fixed contour. Such a condition arises 
through the use of standard laminations 
in which designs are made. The ques- 
tions naturally arise as to how these lam- 
inations are proportioned and what 
affect the proportions have on perform- 
ance. It is with such matters that the 
present paper is concerned, directed 
chiefly at motors with semiclosed slots of 
50 horsepower or less. 

An investigation of the various propor- 
tions and dimensions which can be used 
in the magnetic circuit of an electric mo- 
tor leads to some interesting relationships. 
Unfortunately, these readily can become 
of academic rather than practical interest 
unless several underlying facts of indus- 
trial and commercial importance are kept 
in mind. 

Faced with the requirements of design- 
ing a suitable stator and rotor lamination 
for one definite horsepower and speed 
rating for a polyphase induction motor, it 
can be imagined readily that the relation 
of slot area to tooth area, and rotor diam- 
eter to stator diameter (and several other 
proportions) could be set up in useful ra- 
tios so as to obtain minimum copper, or 
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reality he sets up to build 
some instances, a special frame. 
cial design may be made for one 
tion, bearing one rating only, an 
for very large production. 


Table | 


Horsepower RPM Horsepower a 


General purpose, open type, 60 cycles 


10 see 3,600 1iascch hae _ 
j 


case, the design of a “‘best’’ lamination for 
the case at hand may be justified. 

In the majority of cases, a lamination i: 
to be provided for a given frame and mad 
as widely useful as possible for all rating: 
which expect to be sold.in that frame size 
Suppose, for instance, NEMA* frame 28 
is considered. Standardized ratings ir 
Table I indicate the horsepower anc 
speeds which all are expected from thi; 
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From a commercial point of 
tings shown should be obtained from 
actly the same lamination, stacked to 
the same axial length. Such a practice 


i 


ings could be filled from a stock of built-up 
unwound bodies and fields, modifying 
only the stator windings and the end 
ring sections of the squirrel cage. This 
ideal state cannot be realized but it can 
be approximated, and the attempt has a 


the functions of the designer. 
Considering the foregoing facts, an at- 
rempt to design a “‘best’”’ lamination can 
be of interest only in the exceptional case. 
If the lamination is to be widely useful, 
the proportions determined as best for 
one rating readily may prove undesirable 
for another. The result is a series of 
“compromises, based on the minimum 
“number of laminations for any given 
frame, which will yield all of the stand- 
ardized (and some special) ratings as re- 
~ quired, without serious interference with 
the accepted standards of performance. 
_ Dealing with lamination contours for 
-such purposes, it is reasonable to take a 
Be aciiatic viewpoint. Accordingly, we 
will investigate first the proportions of a 
series of laminations which, through re- 
- finements of practice, have been known to 
4 yield useful results. 


J Method of Fixing Stator Proportions 


<<! 


~ tions were used to determine lamination 
fi proportions. These varied in rotor diam- 
eter from 3 to 15 inches. Their propor- 
~ tions had been determined initially by in- 
_ vestigations or as manifestations of the 
- individual tastes of a number of designers 
over a period of years. As a first step in 
_ determining proportions, a series of points 
were plotted using diameter to the bot- 
tom of the stator slots versus rotor diam- 
eter. With surprisingly little variation 
_ these points fell on a straight line which 
can be expressed by the equation (see 


Figure 1) 


D,=1.175D +0.647 (1) 


To determine the outside diameter of 
the stator, relative flux densities of teeth 
and stator yoke will be used. Maximum 
tooth densities and average yoke densi- 
ties will be determined. 

Maximum stator tooth density is 


1.57 X poles X flux per pole 


(2) 
number of slots X fy XL 


The tooth width (¢,,) is assumed to be the 
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view, all 


would mean that any order for such rat- 


great effect upon lamination design and hb 


4 A total of 108 stator and rotor lamina- 


} Mc. My fei cukals a aeih : ha An go ad le is ay 3 

Pre he Fg 4 Nee dent's ge hee 

“shown to require an increased MtGotn. | a 

width. Our interest, however, is to de- , ie 

termine a working value which is useful pat 

for general purpose designs, and hence — ~ 

the average for a group of existing lami- — “8 

nations were investigated. When (S, X Fis se 

ty) versus rotor diameters were plotted a 

for the 108 laminations, the results spread 7 

re over a band which gave a clearly defined i ee 

straight line. The equation is , ee 

Figure 1. Stator “a 

; dimensions SeeeeeD (0) a < 

Substituting in equation 5, ae 5 

narrow straight portion shownin Figurel. gyz;=0,51 52 (7) A ; 

Average density in the yoke is Fe ae 

fee eee DER cae . 

radial yoke length XL D $4 

The radial yoke length or depth below oa fice Rae Bay a at 
slot will be abbreviated dbs. Solving for D "I 

As a working basis, it will be assumed ; re 

that a reasonable magnetic circuit results OD —0.647 . 

from proportions giving a maximum sta- DSTae Re ase: t 

tor tooth density of 120 per cent of the AEE ey (9) 


average yoke density. This ratio can 
vary somewhat with few bad effects. It 
is obvious that if tooth densities were 
kept constant on say both 4- and 8-pole 
designs, the yoke densities would reduce 
to half in the latter case. As will be shown 
in dealing with compromise laminations, 
over-all densities may well be adjusted. 
The effect of other ratios is investigated 
briefly in the appendix. From the 120- 
per-cent ratio, 


1.57¢P |, 0.5¢ 


Splat ca L(Gbs) @) 
Solving for depth below slot, 
“0 asge 
dbs =0.382 P (5) 


Twice the depth below slot, plus D; 
represents the outside diameter of the 
stator laminations. It would be conven- 
ient to obtain this in terms of rotor diame- 
ter, and to do so the following method 
was employed. 

The portion of the stator lamination 
lying just within the circle swept out by 
D, obviously fulfills the double purpose of 
supplying both the magnetic and the elec- 
tric circuits. The division of this ring 
between slots and teeth affects the per- 
formance and results in an iron or a cop- 
per design. The effect is illustrated briefly 
in the appendix, but at this point it is 
sufficient to point out that a motor re- 
quiring low current densities (as a totally 
enclosed design with a cooling problem) 
might require a greater portion of this 
area for copper. Conversely, a design 
requiring high maximum torque, and in- 
tended for intermittent service, can be 
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This equation, along with equation 1, 
is plotted in Figure 2 against rotor diame- 
ter. Based entirely upon average rela- 
tionships observed from a number of 
laminations used in practice, and a few 
fundamentals, it fixes the main propor- 
tions of a stator lamination. Its validity 
as a working method will be checked later. 


Compromise Dimensions 


To illustrate the use of these curves or 
formulas, assume that laminations were 
to be provided for a frame which could 
accommodate a lamination diameter of 
ten inches. By these rules, Table II can 
be made. 

Table II indicates that for each number 
of poles a different lamination would be 
necessary, and hence this practice repre- 
sents the very requirement which is least 
desirable commercially. The point is, 
however, that by an examination of the 
dimensions, progressing in a logical man- 
ner, an intelligent compromise of dimen- 
sions can be made. Any such compromise 


Table Il 
ae 
Poles D, In. D,, In. dbs, In. 
NN eS 

UL shes Ae ork HBS ic jcstesiaicver- Til aos =, art racs 1.42 
SARIS dccteleys Gibaiere cis steteiet B82 once eek te 0.84 
Geidotceleet. G04 coe issielsis S80 sre.ccee wees 0.595 
Sic ela tcate ye reco nD 9.06) 5 6 sie ns 0.46 
LO eieraatersiers WE soab view kistere tte DO Dai weeXtesves: 0.377 
1 Te a THOS TAD aetera els ats 9. 3Gine sc aate 0.317 
V4) Sore sven FAD). tote eieisieits DAB AS dates ree 0.276 
16. ctaratere FD stars aves ars OD QI ete 0.242 
TS iicmicte eres Tt Olecabariers sears O 5 Givens heer 0.217 
DO): wesvmre stars TOD tate srassiere 960) cmutevseatere 0.196 
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speed. This distinction is obvious, as the 
flux vdensiey in the yoke is only half of 


a. that obtained for a 4-pole machine, if the 


two designs are attempted in the same 


~ lamination. This change is always pro- 


portionately less as the poles increase in 

number. Table IJ illustrates this point. 
No absolute rules can be laid down as to 

the grouping to be followed, partially be- 


cause the relative production in various 


lines represents an individual problem. 
Thus compromise dimensions might be 
set up between the 4- and 6-pole designs, 
planning all production of a greater num- 
ber of poles in one lamination. However, 
it might prove feasible to plan 4-, 6-, and 
8-pole production in a compromise lami- 
nation, using a different design from 10- 
pole up. If 36 stator slots are used, frac- 
tional slot winding obviously would be 
required on the 8-pole designs. Grouping 


_ the 8-pole requirements with the lamina- 


tion designed for the greatest number of 
poles, and using 72 slots, results in com- 
paratively few fractional slot windings 
from 8 to 20 poles. Three-phase cases are 
emphasized here. 

Granted that the grouping is an individ- 
ual problem, it is of interest to observe 
the general effects on performance which 
would result in using a lamination de- 
signed by these rules for 4-pole use, when 
applied to 6-pole motors and vice-versa. 
Such results are tabulated in the appen- 
dix and are contrasted with other designs 
made in compromise laminations. 


Stator Tooth Shape 


Shape of the tooth tip and contour of 
the slot bottom are necessary for the 
completion of the stator lamination de- 


INCHES 


OUTSIDE DIAMETER 


AND D, 


2 4 6 8 10 12 14 16 
ROTOR DIAMETER — INCHES ~ 


Figure 2, Values of outside diameter and D, 


The former varies with the number of poles 
when plotted as a function of rotor diameter 
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sign. Relative values of d’ and e’ oe 


important to the performance (see Figure 
3). Too small a value of e’ may make — 
insertion of the windings difficult « or im- 
possible; too large a value increases the 
tooth flux fringing, the effective gap 
length, and the surface losses. An in- 
creased value of d’ shows up chiefly i in the 
increased slot leakage reactance. — 

A suggested Sys basis is as calcu- 
late ; 


e’=0.0143D+0.0643 (10) 


In designs with an unusually great 
number of slots for epee o's small 
diameters, the value of e’ given by this 
formula may prove quite large. Any 
modification should be made towards re- 
ducing this value. 

The depth d’ should be chosen so that 


(11) 


The bottom of the slot can be made 
semicircular, tangent to the circle swept 
out by Di; or it can be made flat, with 
rounded corners. No recommendations 
can be made on this choice, aside from the 
comment that a die maker usually pre- 
fers the former practice. 


d’/e’=0.3 (approximately) 


Area of Stator Slots 


The toroid between D and D, represents 
an area from which total tooth area can 
be subtracted to give gross slot area. 
Such a calculation gives the following ex- 
pression for gross area of all slots: 


Area (sq in) =0.18D?+0.758D 40.33 (12) 


Note that this is independent of the 
number of slots. Actually, because of 
rounding off corners, the net useful area 
per slot for laminations designed by these 
rules is approximately 


0.9 gross area 


=actual slot area 
S 


(13) 
Gross area is plotted in Figure 4. 


Rotor Lamination Design 


Items to be considered in the design of 
squirrel cage rotor laminations are the 
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eg 10 
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ing basis, it 
should always be 1.3. Now, since 


K," =0.623 +d"/e" (for round ius 
it follows that : 


' da” - > 
6" jefe cee DBT 
("=~ 91D +0.045 % 0-87 
Hence 


a” =0. 00677D +0.0304 


Both d” and e” are now fixed by tes 
equations 

The diameter of the slot remains to . 
determined. A working basis for deciding 
on slot diameter, and hence tooth width, 
involves a consideration of flux densities 
in the teeth. For field laminations the 
tooth width was fixed thus: $ 


1.35D } 


In the same manner, if equal flux densi- 
ties in the stator and rotor teeth are de- 
sired, 


1,7 =t:35D pe 
aie (17) 
where S. = the number of rotor teeth or 


slots. 

When round slots are used, the as- 
sumption that 4,” indicates the tooth 
width at the narrow neck usually permits 
higher densities in the rotor than in the 
stator (see Figure 3). A figure of 118 per 
cent is useful and hence 


1.85D 
1.18.8, 


L 


(18) 


‘wo 


For cast rotors in which the tooth is 
commonly longer, equal flux densities in 
stator and rotor teeth are more desirable. 
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very 


for rotor teeth otherwise may become ex- 
. Be st 
cessive. “nate. 


ables the designer to determine the tooth 
width, a more direct calculation for fixing 
the diameter of the slot (and hence the 


instigated further. 
Our first concern is with an expression 


tinction must be made concerning diame- 
_ter D as to whether it is used as the true 
‘rotor diameter or the stator bore. If 
_ considered as the stator bore, the air 
_ gaps immediately enter the calculations. 
_ While practices as to suitable gap lengths 
_ vary considerably, a reasonable basis is 


A=0.0016 X D+0.0072+0.001L (19) 


If modified, this usually would be in- 
creased for higher speed motors. 

_ This gives the radial length of air gap 
‘in inches, as a function of both diameter 
and stack length. For our purposes it will 
_ be sufficiently accurate to assume a gap 
- resulting from an average stack of three 
a inches, leaving gap length as a function of 
_ diameter only. 

_. To determine the slot diameter, we can 
make use of the following relationship: 


po 


_ Diameter across slot centers = D-2A— 
2d"—Q (20) 


e: 
. 


: where Q = diameter of slot in inches. 
- (This equation is in error to the extent 


- that d” is not measured on the diameter 

_ D, but is offset by the amount of one-half 

ae ” 

ee.) 

_ Expanding equation 20, by equations 
19 and 16 we obtain 


‘a Diameter across slot centers = 0.98383D — 
: 0.0752 —Q 


- _ From which it follows that the diameter 
_ of the slot is 


~ 1,95D—0.236 _ 
Seta 


It is of interest to note how the total 


Q (21) 
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Figure 4. Total area of all stator slots as a 
function of rotor diameter 
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The magnetizing ampere turns required 
While the foregoing relationship en- 


pars) is very useful. This problem will be 


for the slot or bar circle diameter. A dis- — 
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Figure 5. Total area of all rotor slots for 
various numbers of slots 


area of the rotor slots varies as a function 
of their number. These areas are shown 
in Figure 5. 


Recapitulation 


The foregoing rules are all that are re- 
quired to determine the dimensions for 
stator and rotor laminations, once the 
outside diameter and the number of poles 
are known. Yet, it must be kept in mind 
that perhaps the greatest use of such form- 
ulas occurs through the design of general 
purpose or average laminations which are 
intended for use for a variety of designs, 
involving various numbers of poles. The 
assumption is that if one wishes to design 
a lamination for 4-, 6-, and 8-pole use the 
procedure would involve the preliminary 
design for 4- and 8-pole, and thus make an 
intelligent compromise between the 
known limits. 

No data on recommended numbers of 
slots are given here as that involves other 
factors not relevant to this paper. 


Lamination Capacity 


It cannot be emphasized too strongly 
that once a set of laminations has been 
proportioned the maximum torques avail- 
able from all motors built with these lam- 
inations have been fixed. Aside from the 
slight variation possible by a change in 
pitch, or the working of the magnetic cir- 
cuit at various densities, a given stack of 
laminations results in a fixed value of 
maximum torque. 

These facts give rise to the interesting 
possibilities of determining the inherent 
maximum torque of a given lamination 
when designed by the method evolved 
here and when designed according to any 
or no method. 

It is possible to set up expressions for all 
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motor constants in terms of the dimen- 
sions resulting from the rules given here. 
Then, by selecting a flux density for the 
teeth, the maximum torque for an entire 
line of laminations can be determined. 
Such calculations, while not shown here, — 
can be used as the basis for empirical 
equations for maximum torque as func- 
tions of stack length and rotor diameter. 
By such a method, 4-pole 60-cycle de- 
signs of full pitch windings, and with a 
maximum stator tooth density of 96,000 
lines per square inch, display maximum 
torques of 


Tm = KLM DU (22) 
where stator and rotor slots are, respec- 
tively, 24 and 34, K equals 0.21; 36 and 
48, K equals 0.31; and 48 and 60, K 
equals 0.40. 

Similarly, for 2-pole motors designed 
in these laminations according to the 
foregoing standards, 


ses = KL}.59p1.683 (23) 


where stator and rotor slots are, respec- 
tively, 10 and 12, K equals 0.10; 24 and 
34, K equals 0.34. 

These constants will vary as the square 
of the ratios of the densities, for any other 
values chosen. 

It is of interest to compare the result of 
these empirical expressions with the ac- 
tual design carried through in some detail 
in Appendix I. A maximum torque of 
52.9 pound-feet was obtained therein. 
By equation 22 


Tm =0.31X31-4X 6.8751" 
fu » = 53.5 pound-feet 


Maximum Torque of Any Lamination 


Calculation of the maximum torque of 
any polyphase induction motor involves 
the determination of the stator winding 
resistance, the leakage reactance, and the 
leakage factor. Basically, these all are 
calculated from certain physical dimen- 
sions of a lamination stack and the wind- 
ings which can be provided in the lami- 
nations. 

Such expanded expressions obviously 
can be substituted in the maximum 
torque equation to obtain an equation 
in terms of dimensions. As this sub- 
stitution is straightforward, it requires 
no derivation here. The final equation is 


1—P?K,\B,7L? 
Ka K,P 
i 


K,(En Km 
: ( : HARK.) +KL+ = 


re =0.020( 


(24) 
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Figure 6 


A—Inherent maximum torque of a lamination 
with constant flux density in the teeth 


B—Maximum torque of standardized NEMA 
ratings (225 per cent ratio) 


C—Inherent volt-amperes of a lamination with 

constant current densities. Scale not shown, 

as only the relative slopes and positions of the 
curves are significant 


where 


K,=3.60(0.625p ES +) 


A 5D eke 
2 
—0.5 


A 00-82 +0.2) 


fad wv 
K- ( +t 
EN” 


K,=0.2D 
DK,,? 
Ka =0.845—— 
1 
NSO 
Ki= tes " 
aXe 
328 
Ke=— 
(KrtyS:)? 
_ 0.153 X 108 
rare ABS 


K;,=4.Ap(D +stator tooth length) 
Km =1.57D(1.25p —0.25) 


and 


P =number of poles 

p=pitch as a decimal fraction 

B,=maximum flux density in the stator 
tooth in kilolines per square inch 

f =frequency in cycles per second 

K;'+K;"” =primary and secondary slot con- 
stants, respectively 

Si+S:=number of primary and secondary 
slots, respectively 

A=the radial air gap length in inches 

t’+t" =the effective tooth face in inches for 
primary and secondary, respectively. 
These are wider than the actual cir- 
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cumferential tooth widths by the 
effect of fringing 

\’+)” =the tooth pitches of primary and 
secondary, respectively 

K,=the air gap constant. Greater than 
unity to allow for fringing effect 

ty’=the effective stator tooth width in 
inches 

A =slot area in circular mils 

k =the space factor for the slot (0.25 to 0.30) 


Fortunately, these constants are prop- 
erties of a given lamination and need not 
be recalculated for various designs. Spe- 
cifically, they are unaffected by changes 
in stack length, frequency, flux density, or 
voltage. If the change in winding factor 
with the number of poles is neglected in 
making rough calculations for estimates, 
the constants are unaffected. To be more 
exact, K,, Ka, K,, Ky, and K,, must be 
adjusted for each change in pitch and 
winding factor. 

A detailed example of this calculation 
is given in Appendix IV. However, its 
significance can be shown by assuming 
that one were interested in investigating 
design possibilities of everything from 4- 
to 16-pole motors in exactly the same 
lamination and stack. The inherent 
maximum torque of the lamination used 
in the appendix is shown plotted in Figure 
6. The relation of such torques to the 
torque ratings required of the motors 
built in a corresponding NEMA frame 
also are indicated by these curves. Mini- 
mum ratios of maximum torque to full 
load torque are fixed at 200 per cent by 
NEMA, but the plotted values are at 225 
per cent. 


Volt-Ampere Rating of a Lamination 
The volt-ampere capacity of a lamina- 


tion is a fixed quantity only if allowable 
flux and current densities are chosen, 


Table Ill. 


The relationsnig can be derived as fo 
lows: 


ARS, 


Circular mils per conductor = we 


CS 


For a given maximum flux density 
the teeth of B; kilolines, 


gan (exit) 
L\ BrfSitwKw 


All terms have been defined previous! 
If the allowable current density in cir- 
cular mils per ampere is D,, it follows that 


eS. 


Volt-amperes (all phases) 
ARS LBytuf Kay t 
“D.Px709x100 29 
The foregoing formula holds for any 
lamination, but if the given rules are 
followed, the following simplifications re- 
sult for laminations designed accordingly. 

Since 


hie 1.35D 
ae 
AkS,|B,fK, 
Volt-amperes = pr AkBrf Ke x1.9X10-5 
Tar 
(28) 


Assuming an average space factor for 
the slot of 0.28, useful slot area can be 
expressed by the approximate relationship 


ARS, = 
Then 
B 
Volt-amperes = DL rpm XKyX0.051 
c 


0.28 X0.9 X D'* X 1,273,000 


(29) 


Comparing this equation with the em- 
pirical expression for maximum torque, 
it becomes clear that as the diameter of 
the rotor (or correspondingly, the outside 
diameter of the laminations) increases, 


Four-Pole Design 


Lamination Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 
Full Load Torque: 71/2-Horsepower 4-Pole Motor, 22.9 Pound-Feet 


—— 


1 


Sannin 


1.295 in... 
0.355 in 


Witte vergit (bs)... 0 ose orate aes cine 15.6 
Stator tooth density:,.oc..ccscacsace, 96,000 
Stator-yoke density.acsv-s .valcs cokes 80,000 
Stator winding resistance............. 0.452 in 
Rotor slot constant Kali. wea ncn hen 1.3 
Maxim (itn. Condes trite aR ee oa ce 52.9 
No-load values 

AIND GUESS cc hah te eee ae eda 6.3 

Copperloss aia santas nde 53.6 

Iron 1OSSae, an cule eee ee 150.8 
Notes: Column 1—‘‘Average” method. 


Column 2—Large D, tw. 
Column 3—Small D, tw. 
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ions increases more rapidly than the 
maximum torque. The inverse of this has 
been noted by any designer of small poly- 
phase motor parts, which are generally 
capable of yielding comparatively high 
maximum torque values. Attempting to 
give such parts their corresponding horse- 
_power ratings can be done only at a sacri- 
fice of circular mils per ampere. 

_ The motors used in Appendix IV are 
calculated for inherent volt-ampere capac- 
ity and plotted in Figure 6. An allow- 
ance of 425 circular mils per ampere was 
_ used for the stator winding. 


Appendix | 


+ To illustrate the application of the for- 
-mulas for the average lamination, assume 
that a lamination is to be designed for an 
outside diameter of 10.5 inches. As a 
- working basis, the maximum stator tooth 
_density of 120 per cent of average yoke 
/ density will be used. 

From equation 7 


ty’ =0.257 inch 
dbs =0.885 inch 


From equation 10, we obtain the slot 
- opening: 


| he | 


 e’ =0.162 inch 
+ For d/e=0.3, 
~ e=0.049 inch 


“Rounding off” the corners of the slots 
_ yields a slot area of 0.355 square inch. 
This completes the stator lamination de- 
sign, determined not as a fair lamination 
- for say both 4- and 6-pole designs, but 
- pased on 4-pole calculations only. 


Voie kant 
t-ampere capacity of the lamina-_ 


int? > 2 ue Die Re ee Li all 
Tee ee ee 


: ; For the rotor, using 48 slots and arenars 
0.025 inch (which is subtracted from the 


nominal diameter), the diameter of the 
rotor slot is 0.255 inch. pe 

For semiopen slots, e” equals seven-tenths 
of e’, or 0.11 inch; and d”, when the rotor 
is ground, will be such that the slot con- 
stant is 1.3. The tooth width at the narrow 
portion is now 0.164 inch. 

These laminations will be used for a de- 
sign of a 71/.-horsepower motor, using the 
principles derived in the first paper on this 
subject. Selecting a maximum to full 
load torque ratio of 225 per cent, and a 
suitable stator tooth density as 96,000 lines 
per square inch, the required stacking will 
be 3.0 inches. , 

For a full pitch winding, the complete 
performance is given in Table III, column 1. 

The solution of the foregoing problem 
represents purely a routine task, of little 
significance beyond the indication that the 
lamination design method results in reason- 
able values. It leaves unarswered the 
following questions: 


1. What would happen nad a larger or a smaller 
rotor diameter been chosen? 


2. What would be the effect of upsetting the ratio 
set up between tooth and slot areas in the stator? 


To investigate, assume that a rotor 
diameter of 7.75 inches were chosen, along 
with a tooth width of 0.30 inch. The flux 
densities in stator core and teeth are now 
practically equal and are kept at 96,000 
lines per square inch, as before. The lami- 
nation design, in general, is what would fol- 
low if 1.2 were changed to 1.0 in equation 4. 
The completed performance is tabulated in 
column 2 of Table III and bears out the 
conclusion that such a procedure results in 
a “flux motor” with high maximum torque, 
but overworked copper. Such a lamination 
design may represent a cooling problem, but 
might be useful for intermittent duty service 
with high torque demand. 

In the other direction, suppose a lamina- 
tion had been designed for a rotor diameter 
of 6.5 inches with a tooth width of 0.225 
inch. The attempt to limit the flux density 
in the stator teeth to 96,000 lines now re- 
sults in a weak motor, with maximum torque 
below the 200 per cent ratio if a 71/2 horse- 


51 Table IV. Six-Pole Design 


Laminations Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 
Full Load Torque: 5-Horsepower 6-Pole Motor, 22.9 Pound-Feet 


ES 
1 2 3 

Nominal rotor, D......-..+-+eeseeee? y Meter sera pug oO ae (RvR hoon db ooeord 7.315 in. 
Depth below slot, dbs......-.++++000+5 OB 2S itsste oe crete 4 OVSSDi ismvoste aes eee 0.628 in. 
Tooth width, tw.......eeee rece eee eeet (VG Ze enrgricio nolo Dic NS eats be Oe OpORE 0.274 in, 
Slot constant, Ke’........- +2 eee ee eee XN Ie 2 sa tne LOD crab eters res nie toerere 1.28 
Slot area (sq in.)......5s- +e sere wees OFS8Gi 7 swine shalletevers OpS EE i a orale aleters o)eyek 0.386 
Wire weight (Ibs).......----e+eeerees TV Te Sokep oro DUG humm isvaratasets carers te 14.3 
Stator tooth density........-++-+ee0+% QEIOOOG 8 | are Giese orate OG OOO wae wraiiavedeysce sures 98,000 
Stator yoke density......-----++++-+5 ROOO0 \ ~ —atessmatates coves RVR YOO te Tc eprom ot 81,700 
Stator winding resistamce......-.--++> O.G590) “Setecdendtarcveter ORS A Wier cserkcteis ers 0.630 
Rotor slot constant......----++eereees YS RL backs tate ateta oteots eee ra favetajons, «oer 18 
Maximum torque.......--++++eeee0e* BOLZT | apererttew Suenniere COALS alee Sry AACR Oe cats 52.6 
No load values: 

Amperes......---eeeccser cree eeees (ie ete5 adleo.a cog send Mereisveldeis syerers 6.68 

Copper loss.....--.++++sseseseeees LPH | Peg Bae a1 BO teen esl cde Corensiowmye 84.0 

Tron 10SS...6s6 ose cer eric ce eens ETO os Sas Beem Tall fo58 = aoa eOd 134.0 


Column 1—‘‘Average” method for 6-pole lamination. 


Column 2—‘‘Average”’ 4-pole lamination with 6-pole design. ; 
‘Column 3—6-pole lamination with redesign of windings for higher value of maximum torque. 
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power rating is expected. The increased 


slot area naturally results in less copper loss. — 


Performance items are shown in column 3 
of Table III. ; 


Appendix Il 


Examples given previously were based on 
the use of a lamination intended primarily 
for 4-pole operation. Using the same prin- 
ciples, but designing the lamination for 
6-pole operation only, results in a rotor 
diameter of 7.315 inches with a tooth width 
of 0.274 inch. The resulting performance 


items are shown in Table IV, column 1. | 


The 6-pole rating in this same stack repre- 
sents a 5-horsepower motor. It will be 
noted that this motor is somewhat weaker 
in torque ratios than the one designed in 
Appendix I. A slight increase in densities 
brings about an equivalent value of maxi- 
mum torque, with performance as shown in 
column 3. 

While the data are not shown, a modifica- 
tion of this ‘‘average” lamination to yield 
equal densities in stator yoke and teeth, or 
to increase the tooth densities beyond the 
120 per cent ratio setup, results in exactly 
the same trends already indicated in 
Appendix I. 

In attempting to judge the validity of 
these lamination designs, one of the most 
effective means is to determine the effect of 
not following the rules. Thus, while aver- 
age laminations have been designed for 4- 
and 6-pole use, it would be of interest to 
show how satisfactory a 6-pole design could 
be made in the lamination intended for 
4-pole service. 

The lamination of Table III, column 1 
yields a 6-pole design as shown in Table IV, 
column 2. A flux density of 96,000 lines in 
the stator teeth again was chosen as a basis 
for calculation. As compared to | the 
“average” lamination for 6-pole use, a 
sharp reduction in maximum torque results, 
along with an increase in copper loss. 

This comparison bears out the fact that 
as an increased number of poles is used with 
a given lamination, the available torque 
always is reduced so long as tooth densities 
are maintained constant. This effect is 
exaggerated here, because the laminations 
had been deliberately designed for 4- or 
6-pole duty respectively. In practice, the 
contrast would not have been so marked if 
the lamination dimensions had been com- 
promised between 4- and 6-pole require- 
ments, or if constant tooth densities were 
not maintained. Since an increase in the 
number of poles always results in reduced 
stator yoke densities (on a given lamina- 
tion), an increase in tooth density then is 
not unreasonable. This may result in no 
great increase in core loss nor magnetizing 
current, and this practice does reduce the 
slope of the maximum torque versus number 
of poles curve for a given lamination. 


Appendix Ill 


It has been indicated in Appendix I that 
a 4-pole lamination for the outside diameter 
required should have a rotor diameter of 
6.875 inches, and that the resulting per- 
formance was reasonable. Similarly in 
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Table V. Fout- and 6-Pole Designs 
Laminations Outside Diameter 10.5 Inches, Slots 36/48, Stack 3 Inches 


4-Pole 


6-Pole 


nN 
w 
» 


Ball load) toraueyte. wade seis sie rele 
Tnsidexstator, bore.....05.... eee s+ os 
Depth below slot, dbs.........0..0- 
PEOOth widths sc. <a osetia cae ores 


Wire weight (Ibs)............2+e.- 
Stator tooth density............... 
Stator yoke density............... 
Stator winding resistance 
Rotor slot constant, Ks”........... 
Maximumiitorques ..cissc0 0s elie sie 
No load values: 

ASmperes wits cles \sie «aoa aieten’s icles 

Copper loss $ 

TronWosss, 5672'.{5, sic oils sire ale elas 


Appendix II, a 6-pole lamination has been 
shown with a nominal diameter of 7.315 
inches. Performance was acceptable, but 
when the 4-pole lamination was used on a 
6-pole design, results were less satisfactory. 

To illustrate that these rules are of aid in 
achieving a compromise design, let us as- 
sume that one lamination were to be used 
for both, and that its dimensions are selected 
as being between the two extremes. 

Between nominal diameters of 6.875 and 
7.315 inches, we will select 7 inches for the 
stator bore. 

Between stator tooth widths of 0.257 and 
0.274 inch, select 0.265 inch which follows 
from equation 6. 

By equation 1, D,=8.847 inches and 
dbs =0.826 inch. 

The 4- and 6-pole designs made in this 
compromise lamination are tabulated in 
Table V. The significance of the statement 
that compromise laminations require adjust- 
ments in flux densities is apparent at once 
in examining columns 1 and 3 of this table. 
While the 4-pole motor suffers slightly in 
maximum torque, the 6-pole design is below 
the 200 per cent minimum, if the 96,000 
density is used. Columns 2 and 4 show the 
results of adjusting the designs for the 
values of maximum torque obtained pre- 
viously. The resulting performances do 
not compare too unfavorably with those 
obtained from the laminations made for 
individual designs 


Appendix IV 


To illustrate the application of the in- 
herent maximum torque of a lamination, we 
will consider a sample lamination designed 
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without reference to the rules shown here, 
and displaying the following properties: 


Outside diameter = 11.75 inches 
Inside diameter =7.50 inches 

Slots =48 

Useful slot area = 123,000 cubic centimeters 
Slot constant =1.94 

Tooth width =0.23 inch 

Tooth length = 1.125 inches 

Rotor outside diameter = 7.445 inches 
Air gap =0.0275 inch 

Slots =60 

Slot constant =1.3 

Gap constant = 1.27 

By, (assumed) =85 

Stack length, Z =3.00 inches 


Assume that this set of laminations was 
used for designs from 4 to 16 poles inclusive, 
using a fractional slot winding in the neces- 
sary cases. The initial calculations will be 
made with a pitch of 0.75 and a winding 
factor of 0.88 used as constant throughout. 


Then 


K,=0.271 
K,=1.50 
K, =2.60 
Km =8.10 
Ka=141.0 
K.=3.45 
Ky, =28.5 


By equation 24, 
Tm (4-pole design) =73.8 pound-feet 


Other values are plotted in Figure 6. 
It is obvious that with the increase in the 
number of poles, the winding factor cannot 
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remain constant, and the appropriate 1 
must be changed. The nature of the 
resulting can be illustrated by com 
the results on the 16-pole design in whi 
the winding factor is assumed first to 
0.88 and finally to be unity. In the la 
case, 


K,=0.3198 

K,=1.50 (unchanged) 
Kq=180.0 

K,=2.72 

K, =2.60 (unchanged) 
K;,=38.0 

Km =11.8 


Tm (16 poles) =18.2 pound-feet versus 16 
uncorrected winding factor q 


The use of the same lamination for all of 
these poles hardly would be practicable 
because of the fractional slot windings 
which might result, and the poor slot com- 
binations and unfavorable harmonic con- 
ditions on some designs. The curve of 
inherent maximum torque is chiefly useful 
to observe the trend. It must be kept in 
mind, also, that all designs were made for 
the same tooth density, and that with an 
increase in numbers of poles the yoke densi- 
ties decrease. As previously mentioned it is 
sometimes practicable, and reasonable, to 
increase the densities slightly with pole in- 
crease. This would result in raising the 
lower portion of the curve. 

As this set of laminations was intended 
for frame 284 it is of interest to compare 
the maximum torque expected of standard- 
ized ratings (4 to 16 poles) in this NEMA 
frame, with that inherent with this lamina- 
tion. While standardization requires a 
maximum torque of only 200 per cent of 
full load torque, this curve is plotted with a 
reserve, using 225 per cent ratio. These 
are the points connected by dotted lines in 
Figure 6. Between this reserve, and the 
flattening effect of the inherent torque 
curve brought about by flux density ad- 
justment with pole change, inherent maxi- 
mum torques can be kept safely above the 
values expected of the standardized ratings. 
Similar investigations on other diameters 
of laminations indicates the theoretical 
soundness of the ratings called for in stand- 
ardized frames. However, the inherent 
torque reserve of some horsepower ratings 
over others is very marked in a few cases. 
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‘Synopsis: The elaborate electric systems 
n modern long-range aircraft have made 
accuracy of load analysis more important 
than ever before. A more precise evalua- 
tion of the adequacy of proposed generating 
equipment can be made by averaging ex- 
_ pected loads over several different periods 
which are chosen on the basis of the 
generators’ thermal characteristics. These 
averages are compared graphically with 
curves which show the maximum overloads 
_ generators can tolerate without damage. 


S AIRCRAFT have increased in 
x size and complexity, so have their 
electric systems. The problem of estab- 
lishing a precise relationship between sys- 
_ tem size and the anticipated electric loads 
has become more and more important. 
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Figure 1. Simple exponential curve (broken 


_ line) compared with measured generator- 
A winding heating curve (solid line) 


Inadequate capacity may result in failure 
” of the electric system with the consequent 

possible loss of the airplane, its crew, and 
é its passengers. Too large a capacity, how- 
ever, decreases pay load. Not only is 
extra fuel required to haul the useless 
weight, but additional fuel is needed to 
transport the fuel consumed in hauling 
this dead weight. 

For airplanes with small electric 
systems, it may be sufficient to add up 
the power requirements of the various 

units of electric equipment and choose a 

generator which is estimated to be ade- 

quate. For somewhat larger systems, 
average power over various periods of 
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‘Effects ie feed Cheracterlstics Kis 
Aircraft Generators on Load Analysis — 


ST ANLEY ROGERS 


ASSOCIATE AIEE 


time has been used as the basis for select- 
ing generators. Later it was recognized 
by the more progressive manufacturers of 
large aircraft that peak loads and short 
time average loads are also important. 

The most recent contributions to the 
making of an adequate load analysis in- 
clude the following: 


1. Loads should be averaged over not one 
or two, but several periods of time or “‘load 
intervals.” 


2. These periods of time depend on the 


overload thermal characteristics of the 
generator. 


8. There is a maximum period of time over 
which loads may be averaged reasonably. 
The length of this maximum period depends 
on the generator. 


4. A direct comparison between the maxi- 
mum anticipated demand for electric power 
and the capacity of the generating system to 
meet that demand is essential to an ade- 
quate load analysis. 


It is the purpose of this paper to ex- 
plain why these propositions are true and 
to show how they are applied practically 
in determining the adequacy of an air- 
craft electric power system. The first 
step will be a consideration of the manner 
in which generator temperatures vary. 


Temperature and Overloads 


A typical aircraft generator is heated 
principally by the flow of electric current 
through its windings and is cooled by a 
blast of air under low pressure. The 
transfer of heat from the windings to the 
air follows the laws of thermodynamics, 
that is, the rise and fall of temperature 
occur exponentially. In most practical 
cases, the exact exponential function is 
complicated, but a simple function may be 
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craft Corporation, San Diego, Calif. 
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eat as a first ah bites: In Figure 1 
a measured generator-winding heating 


curve (solid line) is compared with such a 
simple exponential curve (broken line). 
The close similarity between the two 
curves is apparent. In the analysis which 
follows it is assumed that the simple 
function is sufficiently accurate for prac- 
tical purposes. 

Experience has shown that a generator 


can stand a heavy overload for a short 
time without raising the temperature — 


above a safe value. The less severe an 
overload is, the longer it can be tolerated 
without unwarranted damage. 
length of time various overloads can be 
tolerated under a given set of operating 
conditions can be plotted. Figure 2 shows 
a typical curve. The curve is called a 
“permissible overload curve.” The mag- 
nitude of overload (in terms of rated con- 
tinuous-duty load) is plotted against the 
time for which the overload can be sus- 
tained without damage to the generator. 

The permissible overload curve should 
be based on tests conducted by the manu- 
facturer and should represent the guaran- 
teed performance of the generator when 
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Figure 2. Typical permissible overload curve 


subjected to overload. The curve rests 
on a specified set of conditions (generator 
speed, air pressure, air temperature, 
humidity, and so forth) and on assumed 
loading prior to the application of the 
overload. A family of such curves, repre- 
senting performance under different con- 
ditions, would be even better. A con- 
servative assumption is that thermal 
equilibrium under full-rated continuous- 
duty load has been attained before the 
overload is applied. Different conditions 
could be assumed, and curves based on 
them may be determined by test. 
Unfortunately, manufacturers gener- 
ally do not supply permissible overload 
curves of the type here suggested. It 
therefore has been necessary to develop 
a method for estimating them as accu- 
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A. Armature temperature curve 


SECONDS 


B. Corresponding load profile 
Figure 3 


The overload lasts five seconds. Load factor 


vis s the ratio of actual load to rated continuous- 


duty load 


rately as possible. How this was done is 
set forth in detail in the appendix. Atten- 
tion now is directed to the first of the four 
propositions which have been stated. 


Why Loads Should Be Averaged 
Over Several Load Intervals 


A number of load intervals are gener- 
ally essential to a satisfactory analysis of 
loads on the generating system of a large 
airplane because averages taken over 
periods which differ substantially from 
the length of a damaging overload may 
give no indication of danger. This will be 
shown by means of two examples. 

Figure 3A illustrates the variation of 
armature temperature with load. A cool 
generator is heated under rated load (as 
shown in Figure 3B) to full normal oper- 
ating temperature. Thereupon a heavy 
overload is applied for five seconds, after 
which the load is reduced to one-half of 
full rated value. The attending rise and 
fall of temperature are shown in Figure 
3A. It will be seen that during the over- 
load the temperature quickly passes the 
maximum safe value and that about 25 
seconds elapse before it decreases to a 
safe value. It will be noted that the 
graphs employ load factor as a parameter. 
It is the ratio of armature overload cur- 
rent (or power) to rated continuous-duty 
current (or power). 

In Figure 4 the average load over inter- 
vals of 5, 15, 60, 180, and 600 seconds is 
plotted, the average always being taken 


820 TRANSACTIONS 


Ss aa Bigives 5Aj 6B, and 6: 


is ; illustrated i in which a moderate 
load is : plied for 60 seconds. The 
ture iy higher temperatures tha 
the first case and remains above the 


Ua 
mum safe value for more than a minute, 
This load is averaged over the same inter- 


vals of time as were used previously, and 


the averages again are compared with the 


permissible overload curve. Note that all 
the averages, except that for 60 seconds, 


lie below the permissible overload curve 


and give no warning of danger. 
While the two cases chosen for pur- 


poses of illustration are not likely to be 


encountered in practice, experience has 
shown that when five well-chosen load 
intervals are used, excessive overloads 
may appear in only one or two of them, 
while the averages for the other load in- 
tervals appear to be safe, 

From the foregoing considerations, it is 
evident that one or two periods of in- 
tegration, regardless of their lengths, 
easily may fail to reveal the presence of 
damaging overloads. To discover with 
certainty every excessive overload, it 
would be necessary to use as many load 
intervals as there are different lengths of 
intermittent loads on the generating 
system; this would involve an impracti- 
cal amount of work. Experience indicates 
that if the worst possible distribution of 
the intermittent loads is assumed, the use 
of four or five load intervals is usually 
adequate. 


Load Intervals Chosen on the Basis 
of Permissible Overload Curve 


If, several periods of integration must 
be used in order to make a load analysis 
which will reveal a dangerous overload, 
regardless of its duration, how long 
should each of the periods be? This ques- 
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Figure 4. Values of load of Figure 3B aver- 
aged over periods of 5, 15, 60, 180, and 600 
seconds 
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time constant.* z 
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specified overload rating fae eet : 
tween one and five minutes). “a 

4, The remaining iufermediata liad 
vals should be so chosen as to make tl 2 
differences between permissible ets 
for successive intervals roughly e 


5. The interval lengths chosen acco rding 
to the foregoing rules should be modified 
enough to make the calculations easy. 


It will be noted that the intervals in- 
dicated in Figure 7 are simply related to 
each other and that the overloads which 
correspond to~ them approximate 
arithmetic progression as shown 


Table I 
For one type of 6-kw aircraft generator 
load intervals of 0.1, 0.5, 2.0, and 1 
minutes are satisfactory. It is obvious 
that these load intervals would be un- 
satisfactory for use in analyzing loads on 
a 40-kva generator because of the marked 
difference in their thermal character- 
istics. 

It follows, then, that before an ade- 
quate load analysis can be begun, the 
type of generator to be used first must be 
selected. Its thermal characteristics 
then are determined, and the load inter- 
vals are chosen. Loads may be averaged 
over each of these intervals, and the 
averages compared with the permissible 
overload (as indicated by the overload 
curve for the particular generator chosen). 
If the generators are not selected before 
the load intervals are chosen, a sufficient 


*This time constant may be determined experi- 

mentally as follows: The generator is heated under 
standard conditions until it reaches thermal 
equilibrium under full rated continuous-duty load. 

With the machine rotating and the standard 
conditions maintained, the load is removed, and 
armature temperature is plotted against time as 
the machine cools, The cooling time constant is 
approximately the time required for the armature 
temperature to drop through the first 63.2 per cent 
of the difference between cooling air temperature 
and the armature’s full load operating temperature. 
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Some aircraft electrical en- 
‘ineers have been inclined to base all load 
intervals on the probable duration of each 
flight condition or aircraft operating con- 
dition (such as take-off, climb, cruise, 
land, and taxi) without regard to the 
_ thermal characteristics of the generators. 
_ The duration of take-off, for example, 
s short and, for the analysis of loads dur- 
ng take-off, does justify limiting the 
ongest load interval to a relatively short 
time. But it does not follow therefore 
-,. 

p 7 
‘Table 1. Load Intervals and Corresponding 
Loads for 40-Kva Aircraft Generator 
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that, because an airplane may cruise for 
hours, the longest load interval for use in 
_ analyzing cruising loads should be one or 
more hours. On the contrary, the maxi- 
mum length of a useful load interval is 
dependent, as will be shown, on the ther- 
mal characteristics of the generating 
~ equipment. 
As the generator’s heat is transferred to 
the cooling air, its temperature drops un- 
- less new heat is added to offset the losses 
- to the air. The transfer to the air of the 
heat present in the generator at any par- 
- ticular moment takes place exponentially. 
- The amount of heat available for transfer 
is limited by the temperature difference 
between the generator and the air. In the 
simplest case, 63.2 per cent of this heat 
will be transferred to the air after one 
time constant, 86.5 per cent after two 
time constants, 95.0 per cent after three 
time constants, and 98.2 per cent after 
four time constants.** Thus the cooling 
of the generator causes it to “forget” how 
hot it was at an earlier time. 


Whenever the load on the generator 
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changes, the pemaperatlive rises or falls 


exponentially. ‘If the new load is main- 
tained for three or four times constants, 
generator temperature will reach a value 


. substantially eee of its previous 


magnitude. 

The fact that the fs gee “forgets” 
how hot or cold it was is illustrated in 
Figure 8, in which four different load and 
temperature conditions are graphed. 
In each case the abnormal load ends 
at the point marked zero time constants. 
The restoration of normal operating 
temperatures proceeds exponentially. 
After three time constants the four curves 
are very close together, and after five time 
constants they merge. These curves 
show that 


1. Temperature at any particular time is 
not affected materially by the temperature 
at any time more than three or four time 
constants earlier. 


2. The temperature at a particular instant 
depends on those loads and only those loads 
which occurred during the immediately pre- 
ceding three or four time constants. 


3. Averaging loads over a period greater 
than three or four time constants may result 
in hiding a damaging overload by averaging 
it with an underload so far removed in time 
that it could have no effect on temperatures 
reached during the overload. 


Choice of RMS or Average Values of 
Loads 


A comparatively recent development 
in electric load analysis is the proposed 
use of rms values of load in place of 
average values. This proposal is based 
on excellent theoretical foundations. 
Since the load on aircraft generators is 
variable, its mean heating value is pro- 
portional to the average of the current 
squared. The suuare root of this value is 
a truer index of generator heating than is 
the average current. It has been found, 
however, that there is no significant dif- 
ference between rms and average values 
in most practical cases. Since the rms 
values are much harder to calculate than 
average values, they rarely are justified in 
practice. 


Direct Comparison of Anticipated 
Loads and System Capacity 


The permissibe overload curve indi- 
cates the magnitude of overload which, 
under specified conditions, may be applied 
for a given time without damaging the 
generator. A direct comparison of the 


**In the expression (1—e-t/B), where ¢ represents 
time, B is the time constant. This expression 
states the portion of the transferrable heat which 
has been conveyed to the air in time ¢. 
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A. Armature temperature curve 


LOAD FACTOR IN PERCENT 


B. Corresponding load profile 


Figure 5 
Overload lasts 60 seconds 


curve with the greatest anticipated 
average (or rms) loads for each load inter- 
val is obtained by plotting the calculated 
averages to scale on the graph of the per- 
missible overload curve. 

Such a graphical comparison is illus- 
trated in Figure 9. The average loads 
appear as vertical bars. The height of 
each bar is proportional to the average 
value of the load it represents. The loca- 
tion of the bar on the time axis of the 
graph indicates the length of the period 
over which the average was taken. One 
graph is made for each flight condition 
(take-off, cruise, and so forth) that is an- 
alyzed. 

A glance at the graph indicates whether 
there are any dangerous overloads, and, 
if there are none, what margin of safety 
the chosen generator provides. By ex- 
amining a set of graphs for the most im- 
portant flight conditions, those conditions 
which merit special study may be chosen. 
These graphs convey a great deal of in- 
formation in simple easily-understood 
form. 


Load Analysis Procedure 


After the type of generator to be used 
has been selected tentatively, a curve 
representing its thermal characteristics on 
overload is obtained or calculated. Such 
a curve is shown in Figure 9. This curve 
is based on the assumption that the 
generator is heated fully under full load 
before the overload is applied. The curve 
shows the time for which any given steady 
overload then may be applied without 
causing excessive damage to the insula- 
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tion, "The foregoing assumption ‘is con- 
servative since the chances are that, be- 
fore and after an overload, the load on the 


- generator is less than full rated capacity. 


From the permissible overload curve 
four or five periods of integration or load 
intervals are chosen. These vary from a 


few seconds to 15 minutes or longer. They 


are selected in order to cover the range of 
permissible overloads in fairly even steps 
such as 100, 75, 50, and 25 per cent over- 
load and no overload (full rated con- 
tinuous-duty load). For convenience the 


lengths of the load intervals are made 


simple multiples or factors of each other. 

The flight conditions or airplane opera- 
ting conditions which are to be analyzed 
then are chosen. The most important 
ones are those in which the most severe 
electrical loads occur. These generally 
include take-off, cruise maximum, heavy 


combat, land, and ground operation. 


Loads are tabulated and averaged for 
each flight condition and each load inter- 
val. The averages are plotted to scale as 
vertical bars on graphs of the overload 
characteristic of the generator. The re- 
sulting load analysis graph is illustrated 
in Figure 9. This graph not only sum- 
marizes the most important data, which 
conventionally are presented in tabular 
form on the load analysis chart, but also 
shows the relationship between calculated 
loads and available generator capacity. 
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Figure 7. Permissible overload curve for 40- 
kva aircraft generator (calculated by method 
described in the appendix) 


Five load intervals suitable for analyzing loads 
on this generator are indicated 
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generators was undertaken. 


The following simplifying assumptions 


have been made: © a 
1, Heating and cooling occur as simple functions. 


2. The armature heats and cools uniformly, and 
temperature gradients usually may be disregarded. 


3. The highest temperatures occur in the armature 


winding. - 


An exact evaluation of the effect of field 


heating on armature temperature and of 
radiation and metallic conduction losses is 
not attempted. 

The analysis made in this paper is neces- 
sarily approximate. The goal toward which 
it is directed is the expression of the time for 
which a given overload may be tolerated in 
terms of the load factor LZ (the ratio of 
actual load to.rated continuous load) and a 
set of constants which can be evaluated. 
The analysis is divided into five operations. 


1. Solution of the differential equation for rate of 
temperature change. 


2. Expression of the temperature T in terms of the 
load factor L and time ¢. 


3. Obtaining the expression for the permissible 
duration of a given overload. 


4. Evaluating the ratio of the effective thermal 
capacity C to the coefficient of cooling K and in- 
corporating the result into the final equation for 
permissible overload duration. 


5. Drawing the permissible overload curve. 


All temperatures are expressed in degrees 
absolute. The symbols and units used in 
the course of the analysis are explained as 
they occur. 

Analysis of the thermal behavior of the 
armature winding is approached best by 
considering the rate of change of tempera- 
ture. The truth of the following statement 
is evident: 


Rate of change of temperature 
rate of heating — rate of cooling 


effective thermal capacity 
Stated in mathematical terms, this becomes 


a0 HT RTT) 
di C (1) 


where 


T=Kelvin temperature of the armature 
winding 

t=time in seconds 

H=rate of heating per degree absolute and 
equals I*R’/T’ watts per degree 
Kelvin 

J=armature current in amperes 


ircraft 
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constant Ki in p : 
terms of temperature apie: 
The analysis will pre follo 


1. The differential equation 1 a solved | 
2 and 8). sd 

2. In the jaweiag steps (through eq: 
the ratio H/ K is expressed in terms of the 
known temperature constants. : 
3. After expressing the temperature equation 
simplified parametric form (equation 13), 
equation is solved for time #’ (equation 14). Th 
new equation contains a factor C/ K which re 
to be evaluated. This is accomplished by sub- 
stituting two known boundary conditions in the 
overload time expression and solving the resultant 


equations simultaneously. ? 


Operation I—Solution of the 
Differential Equation 


dT _dt 
HT—KT+KT, C 


The solution of this equation is 
pe al ce 
ee —— 


where 7, is the initial temperature. 


Note, that when H=K, equation 2 becomes. 


xT. e 
the solution of which is 
Be x T-T, 3 | 
as abu, 3 (3a) 


Operation II—Expression of T in 
Terms of Landt 


In the following steps equations 3 is ex- 
pressed in terms of the ratio H/K. This 
ratio then is stated in terms of the load fac- 
tor L and of S, a function of known tem- 
perature constants. The variable H thus is. 
eliminated. 

Letting P=H/K, equation 3 becomes 


T, \ KP-yije 
-( 4 i) ae (4) 


P= 
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than K, the exponential term vanishes 
ipproaches infinity. This is clearly the 
e when the generator is carrying its full 
ated load. Letting the subscript x denote 
ue at full rated continuous-duty load, 
he final steady state temperature is Ty 


T,=T./(1—S) (5) 
a nd 
Py=Hy/K=(Tp—To)/Tn (6) 


_ For overload conditions it may be 
assumed that H, the power consumed per 
egree absolute in heating the armature 
ding, is proportional to the square of the 
aature current. Letting ZL equal the 
io of load current to rated continuous- 
luty load current, 


OLA (7) 
vhere Q is the factor of proportionality. 


~ At full rated load, L equals 1, and H has 
4 “normal” value of H,. Therefore 


Q =H, (8) 
and 

. 

A=H,L* (9) 


ee, Substituting equation 6 in equation 9 and 
dividing each side by K, 


. 
‘H/K=H,L?/K=SL*=P (10) 


_ Substituting equation 10 in equation 4, 


T (K/¢) (SL2—1)t T 
=(7,+ € “ 
SL?—1 


eSEta1 
(11) 


- Let T; be the asymptote of this equation. 

‘Its value is that of the constant term of 

“equation 11. 

3 i; 

1, = a eS 
1—SL? 


am 


(12) 


Using the parameter Ts, equation 11 be- 
comes 


eT = T.—(T,—T,)e~ F/O Calts)s (13) 


z Note, that for the special case in which 
a —K, 


r= 7,+T,(K/C)t (13a) 


Operation II—Solution for the 
Permissible Duration of an Overload 


Solving equation 13 for time ¢ when T 
equals Ty, the peak permissible winding 
temperature, and T, equals Tz, the normal 
full rated continuous load (assuming that 
the generator is fully heated under rated 
‘continuous load before the overload is 
applied), 


= C/K eee (14) 
aft. Ls-T> 

For the casein which H=K, 

t!=(C/K)(Tp—Tn)/Ta (14a) 


where t’ is the permissible overload dura- 
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Figure 8. Temperature 
versus time curves 
showing that, regardless 
of deviations caused 
by underloads and over- 


TEMPERATURE _ 
OVERLOADS 


A NORMAL 
turn to normal a few TEMPERATURE 


time constants after nor- 

mal load is restored (at UNDERLOADS—~ 

time equals zero time 
constants) 


_ MAXIMUM SAFE 


tion, that is, the time the given overload 
will require to raise armature temperature 
from its normal value 7, to the peak per- 
missible value Ty, and 7; is the variable 
(see equation 12). 

When ?#’ is plotted against the load factor 
L, it is seen that the curve is asymptotic to 
the line 


L=V (Tn/Tp)(Tp—Ta)/(Tn- Ta) 


Therefore equation 14 is useful only for load 
factors greater than this value. In practice 
typical usable values of L usually range 
from 1.5 to 2.5. 


Operation IV—Evaluation of C/K and 
Statement of Final Solution 


Attention now is directed to the quantity 
C/K. In the foregoing equations the ther- 
mal capacity C was assumed to be a con- 
stant. Actually, the effective thermal 
capacity is a function of both ¢ and L. 
Taking into account the variation of C with 
time would have resulted in a more compli- 
cated differential equation and solution. 
Because of the uncertainty as to the nature 
of that variation, equations including this 
variation (some of which were set up and 
solved) were found to be of little value. 
However, treating C as a function of the 
load factor LZ only, does not affect the pre- 
ceding analysis. The results obtained on 
this basis are in better agreement with ex- 
perimental evidence than is an oversimpli- 
fied solution in which the thermal capacity 
Cis regarded as a constant. 

The maximum value of C cannot exceed 
the thermal capacity of the material heated 
by the generator. There also must be a 
minimum value of C which holds only for a 
very brief period immediately following the 
application of a large overload. In so 
short a period there is no time for heat to be 
transferred from the copper of the armature 
winding to surrounding material. Because 
of variations in the resistance of different 
parts of the armature winding (a result of 
temperature differences for example) the 
effective minimum value of C may be far 
below the thermal capacity of the entire 
armature winding. The rate of heating at 
the hot spots is accelerated by the local in- 
crease in resistance caused by the increase 
in temperature. 

Several assumptions as to the nature of 
the variation of C/K (K being a constant) 
were tried. The resultant permissible over- 
load curves were plotted for a 40-kva air- 
craft generator for which two overload rat- 
ings were specified, one for five seconds and 
the other for five minutes. The following 


TIME 
CONSTANTS 


\ 


assumptions were evaluated from an ex- 
amination of the curves: 


C/ K =constant. 
C/K=ML. 
C/K=M/L+N. 
C/K=M/(L+ NL?). 
log C/K=N(M-L). 


Sul Oo 


M and N represent constants, and L is 
the load factor. Only the last of these 
assumptions was found to be workable. 
Each of the other four either produced 
negative values of C/K for some range of 
values of L or failed to permit the per- 
missible overload curve to pass through both 
specified rating points. 

Letting tg and ¢; denote the durations of 
the two specified overloads and letting Lg 
and L; respectively represent their load fac- 
tors, by simultaneous equations we find 


aL,—bL, 
M=——? (15) 
a—b 
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Figure 9. Typical load analysis graph 


Bars represent average (or rms) values of load 
taken over periods of 0.1, 0.5, 3.0, 15, and 60 
minutes 


LOAD FACTOR 
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Figure 10. Illustration showing manner in 

which estimated (broken line) curve is joined 

to the calculated (solid line) permissible over- 
load curve 


The curve which is used consists of the esti- 

mated curve plus that portion of the calculated 

curve which lies to the left of the junction of 
the two curves 
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(16) 
Le 


N= 


where 


a=log (t,/U,) 
b=log (t,/U,) 


(17) 


(18) 


To evaluate equations 17 and 18, refer to 
equations 12 and 6. 


Operation V—Drawing the Permissible 
Overload Curve 


The permissible overload curve is calcu- 
lated on the basis of known values for the 
following quantities: 


T,=absolute temperature of cooling air 

T, =normal hot spot insulation temperature 
(absolute) for rated continuous duty 
load 

T,=maximum permissible insulation tem- 
perature (absolute) 

tg= time for which an overload of load factor 
LI, can be applied to the generator 
and bring the hot spot insulation 
temperature exactly to T,p* 

t, =time for which an overload of load factor 
L, can be applied to the generator and 
bring the hot spot insulation tem- 
perature exactly to T,* 


Figure 10 shows a calculated overload 
curve (solid line) and the two known over- 
load rating points used in its determination. 
This curve is asymptotic to the line L-equals- 
L’. This is the magnitude of load which 
will just raise the temperature to Tp after 
an infinitely long time. Equation 14 indi- 
cates that this load can be carried indefi- 
nitely, but the generator manufacturer’s 
rating for continuous duty is represented by 
the line Z equals 100 per cent. For reasons 
already discussed, after three to four time 
constants have elapsed, the manufacturer’s 
rating applies (refer to Figure 8). Hence 
the estimated curve (broken line) is added. 
It joins the calculated line below the lower 
of the two known overload rating points-and 
in the vicinity of three to four thermal time 
constants merges with the L-equals-100- 
per-cent line. It is recommended that the 
overload curve be plotted on semi-log paper 
and that the estimated curve be drawn in 
with a French curve. 

Because of the composite nature of the per- 
missible overload time curve, an inflection 
point may occur in the vicinity of the joint be- 
tween the estimated and calculated sections. 
This point is especially likely to happen 
when the curve is plotted on semi-log paper 


*In practice it may be assumed that tq and ¢y are 
the rated times for which overloads Lg and Lr may 
be applied. 
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Field Tests on Powentne, Cave 


Current Equipment 


R. H. MILLER 
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Synopsis: This paper briefly describes a 
series of field tests made on the power line 
carrier current telephone system of the 
Pacific Gas and Electric Company, cover- 
ing both amplitude and frequency modu- 
lated equipment. A discussion of various 
tests and test results is given, with a com- 
parison of performance of the amplitude 
and frequency modulated equipment. 


HE Pacific Gas and Electric Company 

has used carrier current telephone 
equipment on its high voltage transmis- 
sion network for 23 years. Severe noise 
problems exist on some parts of the 230-kv 
transmission system because the lines 
have high corona losses. Early attempts 
to provide satisfactory carrier current 
communication over these lines were un- 
successful and led to the development of 
single-side-band power-line carrier-tele- 
phone equipment, some of which has been 
in service since 1927 and has been de- 
scribed previously.! 

Major additions of hydroelectric gen- 
eration and transmission facilities were 
made in 1944 requiring a considerable ex- 
tension to the carrier current communica- 
tion system. As some of the channels of 
the new carrier telephone system were to 
operate over the high corona lines, the 
noise problem required careful considera- 
tion. The use of frequency modulated 
carrier equipment? was proposed as a solu- 
tion to the noise problem and an installa- 
tion of this type equipment was made over 
a part of the system.* The complete car- 
rier current telephone additions made in 
connection with the power system ex- 
pansion in cluded four 2-frequency-duplex 
amplitude-modulated channels and one 2- 
frequency-duplex frequency-modulated 
channel on the Pacific Gas and Electric 
Company system. In addition, another 2- 
frequency-duplex amplitude-modulated 
channel was installed by the United 
States Bureau of Reclamation between 
Shasta Dam power house and the Pacific 
Gas and Electric Company Shasta sub- 
station. The carrier current telephone 
channels on the 230-kv system, with con- 
necting channels, are shown in Figure 1. 

The power system expansion was made 
to meet wartime requirements, and it was 
impossible to make complete tests of the 
carrier current equipment in the field at 
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the time of installation because of 

shortage of personnel, test equipment, an 
time. After the installation was con 
pleted, it was thought that maximum pet 
formance was not being realized from th 
system. Listening checks resulted in dit 
ferences of opinion on the performance c 
various parts of the system. An extensiv 
investigation of the characteristics of th 
system was undertaken to obtain quanti 
tative data of the performance, and t 
make any adjustments found necessary t 
provide improvements. 


Description of Tests 


Data were taken to determine 


1. The carrier frequency response of th 
equipment. 


2. The audio frequency response. 
3. The effects of transmitter output powe 


level on the received signal and signal-to 
noise ratio. 


4. A comparison of frequency and ampli 
tude modulation signal-to-noise ratios. 


5. The effects of percentage modulatior 
on signal-to-noise ratio. 


6. Audio frequency attenuation of wir 
line and cable extensions used with thi 
carrier current equipment. 


The carrier frequency response gives at 
indication of the correctness of the tuning 
of the transmitter output stages, the line 
tuning units, and the receiving equip: 
ment. Carrier frequency response daté 
were obtained by reading the transmitte 
output voltage, the coupling capacitor 
current, carrier output current (measurec 
at the transmitter), received voltage, anc 
receiver limiter current as the transmitte 
oscillator frequency was varied. From 


Paper 46-199, recommended by the AIEE commit. 
tee on power system applications of carrier curren’ 
for presentation at the AIEE Pacific Coast meet 
ing, Seattle, Wash., August 27-30, 1946. Manu 
script submitted July 1, 1946; made available fo: 
printing July 19, 1946. 
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_ these data it was possible to plot and ob- 
serve the frequency response of each part 
_of the equipment through which the car- 
_ rier frequency signal passed. 
_ Audio frequency response was obtained 
by supplying constant level audio fre- 
“quency tones to the transmitter modu- 
lator and measuring the receiver output 
voltage. These tests were carried out 
_ after the correct carrier frequency adjust- 
ments had been established. The circuit 
used for the audio frequency response 
measurements is shown in Figure 2. These 
_ measurements were made on each channel 
_ of the system and over several channels in 
cascade. The input level of the audio 
- tones was set to provide a high percentage 
modulation, approximately 75 per cent 
for normal voice, as determined by obser- 
‘vation with an oscilloscope of the carrier 
frequency output. With this setting the 
modulation limiter would prevent over- 
modulation on peaks. Both the carrier 
frequency and audio outputs were ob- 
served with an oscilloscope to determine 
whether or not distortion was present. 
Noise measurements were made on all 
channels and the signal-to-noise ratios 
were determined. Noise and signal meas- 
urements were made with a vacuum-tube 
voltmeter, and noise measurements are 
unweighted. Weighted noise measure- 
ments were taken on some channels, but 
an insufficent number are available for 
comparison and will not be presented. 
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Figure 2 (above). 
Circuit used to obtain 
audio frequency re- 
sponse characteristics 


Carrier current tele- 
phone channels on 
the Pacific Gas and 
Electric Company 
230-kv transmission 
system 


Received signal and _ signal-to-noise 
ratios were observed as the transmitter 
power output was varied. 

Frequency and amplitude modulation 
signal-to-noise ratios were compared on 


the same power transmission line section 


in order to obtain actual field data on 
the effectiveness of frequency modulation 
as a means of overcoming noise in carrier 
current telephone systems. 

Audio frequency attenuation of the 
audio frequency extensions on the carrier 
system were obtained. As the extensions 
were of considerable length, their charac- 
teristics were considered to be a factor in 
over-all performance. 


Results 


It was found that considerable improve- 
ment was possible in some parts of the 
system, and data and curves showing the 
characteristics of some of the channels, 
both before and after readjustments, will 
be presented. 


CARRIER FREQUENCY RESPONSE 


Figure 3 shows the carrier frequency 
response of the frequency modulation 
channel with its original adjustment. 
These curves show a considerable dis- 
symmetry about the 75-ke operating fre- 
quency, which was apparent as distortion 
in the receiver output. Careful retuning 
of the line tuning equipment resulted in 


FREQUENCY 


FL WILSON Figure 1 (left). 
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_ doubling the transmission line current, a 


considerable increase in received voltage, 


and symmetrical variations about the 


operating frequency as indicated by the 
curves of Figure 4. 


AUDIO FREQUENCY RESPONSE | 


Considerable audio frequency response 
data were obtained. The manufacturer 
had guaranteed that the audio character- 
istics of the individual channels would be 
within plus or minus five decibels between 
300 and 3,000 cycles. It was possible to 
come well within these limits on each, 
channel. Audio characteristics of the 
75-ke frequency modulation channel 
operating between Shasta and Contra 
Costa substations are shown in Figure 5. 
The audio response curve for the 85-ke. 
amplitude modulation channel between 
Shasta substation and Pit 5 power house 
is illustrated in Figure 6. This curve is 
typical of the response of the amplitude 
modulation equipment. 

One of the amplitude modulation re- 
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Figure 3. Carrier frequency response of 75-kc 
frequency modulation channel with improper 
line tuning 


A—Output current at transmitter (milliamperes) 
B—Transmitter output voltage 

C—Coupling capacitor current (milliamperes) 
D—Received voltage 

E—Receiver limiter current (microamperes) 
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Figure 4. Carrier frequency response of 

75-kc frequency modulation channel with 
correct line tuning 


_ A—Output current at transmitter (milliamperes) 


B—Received voltage (high Q) 

C—Coupling capacitor current (milliamperes) 

D—Transmitter output voltage 

E—Received voltage (low O) 

F—Receiver limiter (high Q) current (micro- 
amperes) 
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Figure 5. Audio frequency response of 75- 
ke frequency modulation channel 


ceivers had been aligned for maximum de- 
tector current at the carrier frequency, 
and the effect on the audio characteristic 
is shown in curve A of Figure 7. When 
the intermediate frequency amplifiers 
were realigned for the correct band pass, 
the audio characteristic was improved 
considerably as indicated by curve B of 
Figure 7. At carrier frequencies the re- 
quired band pass is a relatively greater 
percentage of the carrier frequency than in 
ordinary space radio applications. As in 
any highly selective receiver employing 
band pass circuits, tuning adjustments 
must be made carefully. 

A limiting factor in audio frequency 
response, in this case of 2-frequency-du- 
plex carrier system with interphase cou- 
pling using only 0.001-microfarad cou- 


_signal plus noise. 


pecheners response eae ‘some 
in signal-to- noise ratio. The effect 
carrier frequency response is shown i 
“low Q received volts” curve igure 


4. An indication of the effect akg e 


audio characteristics by broadening a 


band pass of the line tuning equipment is 
shown in Figure 8. Curve A shows the 


_ audio characteristics with high Q line 


tuning elements on the receiver input. 
Curve B shows the increased response to 
high frequencies with broadened receiver 
line tuning. 

Over-all audio characteristics of three 
channels in cascade are shown in Figure 
9. This system includes one frequency 
modulation and two amplitude modula- 
‘tion channels between station X, Oak- 
land, and Pit 5 power house. The over-all 
response nearly meets the plus or minus 
5-decibel limits set for one channel. 


POWER OvuTPUT 


The effects of the variation of trans- 
mitter output on the received signal and 
signal-to-noise ratio for the 75-ke fre- 
quency modulation channel are given in 
Table I. Received volts in Table I are 
These results indicate 
the effectiveness of the frequency modula- 
tion receiver in maintaining the signal-to- 


' noise ratio with large variations in the 


transmitter output and the received sig- 
nal. It was possible to maintain com- 
munication over a 175-mile 230-kv line 
when using only the exciter unit of the 
frequency modulation transmitter with a 
power output of two watts. 


FREQUENCY AND AMPLITUDE 
MOopDvULATION SIGNAL-TO-NOISE 
COMPARISON 


A comparison of frequency and ampli- 
tude modulation signal-to-noise ratios is 
given in Table II. From these data it is 
apparent that the frequency modulation 
equipment is capable of maintaining a 


Table | 
Transmitter Receiver 

Output, Input, Signal-to-Noise 
Volts Volts Ratio, Decibels 
peer reee ete SE eee thet = aed Se ite ee 

DO CslaGuste ltatiarele LAU Mie aie 29.5 

2B ica ae nae AGA ascch rere eerie 27.8 

10). Se icmvact heen i Oiroiteneterttateetaters 24.5 

A Ss isteters acter UD. i stacseataateney’s 24.5 
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Figure 7. Audio frequency response of 14 é 
ke amplitude modulation channel 


Curve A—Receiver aligned for maximum de 
tector current at carrier frequency 
Curve B—Receiver aligned for correct band 


pass a 
th 


high signal-to-noise ratio even as 

carrier signal approaches the noise level 
and consequently communication can b 
maintained under conditions when a con. 
ventional amplitude modulation system 
would be inoperative. 


; 
EFFECTS OF MODULATION LEVEL OD 
SIGNAL-TO-NOISE RATIO 


On the frequency modulation channel: 
with a deviation ratio of less than one-to. 
one, the signal-to-noise ratio was reducec 
considerably. Checks were made witt 
deviation ratios of approximately one 
third to one, and one-to-one, with the re. 
sult that the signal-to-noise ratio was in. 
creased from 22 decibels with the lower tc 
34.5 decibels with the higher level o: 
modulation. With a small deviatior 
ratio, the phase modulation resulting 
from noise becomes appreciable relative 
to the desired frequency modulatior 
and the noise output is proportionally 
higher. With the modulation correctly 
adjusted for normal voice input, over. 
swing on peaks is limited by means of the 
modulation limiter which tends to main 
tain the deviation ratio near the correc! 
value. A discussion of deviation ratios 
band-width requirements, and noise con 
siderations is given in reference 2. Oneo 
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Figure 8. Audio frequency response curves 
owing the effect of the band pass of line 
tuning equipment 


— Curve A—High Q line tuning equipment 
_ Curve B—Low @Q line tuning equipment 


Table Il 


Frequency 
Frequency Amplitude Modulation 
Modulation Modulation Over 


Transmitter Signal-to- Signal-to- Amplitude 
_ Output, Noise, Noise, Modulation 
_ Watts Decibels Decibels Decibels 
: BO susie’ sustctets SOMA eiserne ee i Dretekepeus rate 13.7 
g Syeda eg aE wu tie Sagar 22 DIMer a is cis 13.5 
bl ier a oe Danks nas DaisAteterers ce 10.0 
Me 0.25). 65.5. 2458. oes (See Oe 7.3 
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the early difficulties in the field adjust- 
ment of the frequency modulated carrier 
_ equipment was lack of a simple field check 
of deviation. With amplitude modula- 
tion equipment it is possible to observe 
the modulation envelope with an oscillo- 

scope to check percentage modulation and 

the presence of distortion. A similar pro- 
4 cedure for the frequency modulation 
_ equipment was suggested by R. W. Beck- 
with. With the carrier output connected 
- to an oscilloscope with internal synchroni- 
“zation, a change of frequency will cause 
_ the pattern to move horizontally on the 
screen. By calibrating the horizontal 
“movement versus frequency swing, a 
simple but sufficiently accurate method of 
measuring deviation is obtained, and the 
_ performance of the frequency modulation 
“transmitter can be observed conveniently. 


- 

a 
eo 
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-Aupio CHARACTERISTICS OF WIRE AND 
CABLE EXTENSIONS 


The carrier terminals are located at 
high voltage substations at a considerable 
distance from the dispatcher and general 
offices of the company. The carrier tele- 
phone system was installed primarily to 
‘provide communication for the dis- 
‘patchers to the generating plants, but 
also is used by others in carrying on busi- 
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ness incidental to the operation of the 
power system. It was recognized that an 
investigation of the carrier system should 
include the characteristics of the exten- 
sions because they are a part of the com- 
plete communication system. The ex- 
tensions to the dispatcher’s office includes 
both open wire line and cable. Audio fre- 
quency characteristics of one of these ex- 
tensions are shown in curve A of Figure 
10. The extension from the dispatcher’s 


_ Office to the general offices is by submarine 


cable across the San Francisco Bay. The 


audio frequency characteristics of this. 


cable are shown in curve B of Figure 10. 
There is in this cable a rapid cutoff of 
the frequencies above 2,500 cycles. The 
measured attenuations at 1,000 cycles 
were approximately two decibels for curve 
A and nine decibels for curve B, but the 
curves have been plotted through zero at 
1,000 cycles for a better comparison of 
their shapes. 

Listening tests also were made to com- 
pare various types of telephone instru- 
ments, and although no quantitative data 
were obtained, it was apparent that there 
was a large difference in the performance 
of different instruments, and that im- 
provements could be made in some cases 
by providing modern high quality tele- 
phone instruments for use with the carrier 
equipment. 


Conclusions 


Tests such as those described in this 
paper provide information to evaluate 
properly the performance of the various 
parts of a carrier telephone system, and to 
make adjustments for optimum perform- 
ance. Specifically it can be concluded 
that 


1. Care in the adjustment of carrier cur- 
rent communication equipment will provide 
the maximum in performance, and adjust- 
ments cannot be made correctly without the 
use of proper instruments and a logical pro- 
cedure. 


2. Good audio frequency response is pos- 
sible by correct adjustment of the equip- 
ment, and is particularly important where 
several sets are to be cascaded by means of 
audio coupling. Audio frequency response 
may be limited by characteristics of the 
line tuning equipment. In practice, a 
compromise between atidio frequency re- 
sponse and signal-to-noise ratio must be 
accepted. 


3. Frequency modulation equipment is 
capable of maintaining a high signal-to- 
noise ratio with large variations of carrier 
signal. 

4, The frequency modulation system pro- 
vides a definite advantage over amplitude 
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Figure 9. Over-all audio response of three 
carrier current channels in cascade 
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Figure 10. Characteristics of audio frequency 
extensions to carrier current channels 


modulation equipment insofar as signal- 
to-noise ratio is concerned, which permits 
successful carrier current operation on 
lines with noise levels so high as to preclude 
the use of conventional amplitude modulated 
equipment. 


5, In frequency modulation, as in any 
carrier system, it is important to maintain 
a high level of modulation in order to 
realize the maximum signal-to-noise ratio. 


6. Audio extensions from the carrier 
terminal equipment enter into the over-all 
consideration of the system, and can be 
limiting factors in the performance of a 
system. 


Data such as those collected in the tests 
described are also invaluable in main- 
tenance work on the system. The actual 
performance of the equipment can be 
compared with the test results from time 
to time, and any marked deviations can 
serve as guides in finding and correcting 
troubles. 
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various abso ute unit systems. ; 
! fundamental relations of electricity and 


"Synopsis: A discussion of Weaece tice 


presenting the fundamental relations of the 


y magnetism is pre- 
sented including a brief description of the 
: Most of the 


magnetism are presented in general form 
The relations are called general in the serise 
that they are complete and correct for use 


with any consistent unrationalized unit 


system. The relations are presented in a 
logical and rigorous sequence, that is, the 


_basis of each relation is found in the pre- 
ceding relations. 


HE fundamental relations of elec- 

tricity and magnetism form the basis 
of analysis for all analytical problems of 
electrical circuits and equipment. The 
primary objective of the formal training 
in engineering is to develop skill in en- 
gineering analysis. Thus it is very im- 
portant that the electrical engineer have 
excellent training in his major basis for 
analysis, electricity and magnetism. Skill 
in engineering analysis demands an under- 
standing of the field of application and 
limitations of basic relations which can be 
gained only through a well-organized 
study of the science involved. 


The purpose of this paper is to present 
the author’s approach to such study and 
training in electricity and magnetism. 
The organization presented has evolved 
through many revisions while presenting 
the material to sophomore electrical engi- 
neering students. It was developed on the 
basis of maintaining sequential rigor at 
the sophomore level of comprehension. 
Electrostatic field theory is developed 
toward the end of the organization in- 
stead of at the beginning because the 
average student has little background in 
this field and can gain essential back- 
ground through the study of circuits and 
magnetic fields. For example, in accord- 
ance with the above principles potential 
difference is defined as work per unit 
charge instead of the line integral of field 
intensity. 


Experimental, Defined, and 
Derived Relations, and 
Generalizations 


The classification of the relations or 
formulas of electricity and magnetism into 


experimental, defined, or derived relations 
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of the t text of ae Profesor F Benne 
the coauthor. 

- To comprehend fully the significan 
and limitations of each of the a 
formulas, and rules which make up the 
body of a science it is necessary to under- 
stand clearly the basis upon which each 
was obtained. All of the relations of elec- 
tricity and magnetism can be classified 


under one or another of the four headings. 


The headings are so descriptive as to 
hardly need further exposition. 
Experimental relations are those which 


are determined directly by experiment, 


such as Coulomb’s law of force between 
charges and Ampere’s law of force be- 
tween parallel wires. Relations which 
are termed experimental were usually so 


determined historically but this does not 


imply that all relations which were origi- 
nally determined experimentally should be 
so termed. For example, Joule’s law con- 
cerning power dissipation in a resistor is 
considered derived’ in this presentation. 
It is also important to understand the 


actual experimental background for ex-. 


perimental relations because they must 
not be extrapolated too far beyond the 
experimental evidence on which they are 
based. Students of electronics are well 
aware of the limitations of F = ma in 
cathode ray tube theory. For a presenta- 
tion of original experimental procedures 
see Magie*, and for a discussion of the 
limitations of experimental relations see 
Bridgman.’ 

Defined relations include all those 
which define units, conventions, and 
physical quantities. It is especially impor- 
tant to understand which quantities or re- 
lations are defined because a defined quan- 
tity must not be given properties beyond 
those involved in the definition, Failure 
to understand that the magnetic field is a 
defined quantity often leads to fruitless 
discussions concerning the mechanism of 
induced voltage. Also it is important 
that a given quantity be defined in one 
tee on education for presentation at the AIEE 
Pacific Coast meeting, Seattle, Wash., August 


27-30, 1946. Manuscript submitted September 23, 
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cannot be extrapolated i 


ae physics. 
Ataatcies Measure F 7 
: ‘too 
A clear understanding of h 
structure of unit systems is ess 
engineering analysis. All electrical 
systems are based on absolute. me 
that is, measurement based on the: 
mental units of length, mass, time, 2 


laid the foundation for absolute m 
in the 1830’s by measuring the 
magnetic field in terms of the moment ol 
inertia and period of oscillation of om 
magnetized needle and of the deflection 
a second magnetized needle in the vicinit 
of the first.2 The pole strengths of bott 
magnets cancel out of the equations thus 
giving the strength of the earth’s field i 
terms of length, mass, time, and 
permeability of free space tacitly assumed 
as unity in Gauss’ experiments. Thus it 
was possible to duplicate magnetic meas- 
urements without a standard magnetic 
needle. All electrical units are based on 
similar measurements. The actual ex: 
perimental work is very complicated in. 
volving difficult adjustments and correc 
tions, but the basic academic definitions 
of the processes are quite simple as will be 
shown later. 


THE CGS ELEcTROMAGNETIC SYSTEM 


The cgs electromagnetic system i: 
based on the centimeter, gram, second. 
and the permeability of free space taker 
as unity. It is the standard unit system 
in the field of physics and is the basis o! 
the practical system of electrical units. 


THE INTERNATIONAL OR PRACTICAL 
SYSTEM 


The early telegraph engineers did not 
find the cgs electromagnetic units a con 
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egs gee gis by various 
multiples of ten. However, the practical 
ystem embraced only circuit phenomena 
an d was not extended to cover mechanics, 
or magnetic or electrostatic field theory. 
This was perhaps the greatest source of 
nisunderstanding and confusion in the 
tudy of electricity and magnetism since 
any analysis involving mechanical force 
or electric or magnetic fields and electric 
circuits involved borrowing units from 
-other unit systems and resulted in in- 
-numerable multiplying factors. Also, no 
‘relation could be considered complete 
without a statement of the particular 


signed. Giorgi provided the solution in 
1903 by the invention of the mks unit 
system. The system was adopted as the 
international standard in 1935. 


' THE MKS System 


? Giorgi’s invention of the mks system 
E consisted of extending the practical sys- 
-tem into a complete absolute system em- 
bracing all of mechanics and electric and 
magnetic field theory and at the same 
time retaining all of the circuit units of 
the practical system. This was done by 
‘choosing units of length and mass of such 
size as to make the unit of mechanical 
~ work equal to the unit of work in the prac- 
_ tical system (the joule) and by assigning a 
_ numerical value to the permeability of 
_ free space (u, = 10-7) which would result 
- in a unit of current equivalent to the am- 
4 pere. These ideas will be expanded in the 
_ process of setting up the fundamental re- 
lations. 


Le heen SCE EON 


_ GENERAL ELECTRODYNAMIC EQUATIONS 


The foregoing discussion indicates the 
possibility of writing a complete set of 
fundamental relations in electricity and 
_ magnetism with no need for supplemen- 
tary statements concerning the appropri- 
ate units. Units of the mks system are in- 
serted on the right of a relation and the 
_ answer is known to be in units of the same 
system. It may not be quite as evident, 
however, that these same expressions 
- serve equally well in any other consistent 
unit system. That is, the identical rela- 
tions apply equally well in the mks, cgs 
electromagnetic, and cgs electrostatic sys- 
tems. 

With this approach, beginning students 
show equal facility in solving problems in 
any of the three unit systems mentioned. 
Often one or the other of the cgs systems 
will handle a given problem with greater 
convenience than the mks system. Ex- 
perience has demonstrated that students 
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assortment of units for which it was de- 
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can use three or more systems inter- 


' changeably without confusion. How- 


ever, it is imperative that only one system 
be used in a given problem or relation. 


The Fundamental Electrical 
Quantities 


ELECTRIC CHARGE 


The development of the fundamental 
relations presented herein is based on the 
concept of the electron as a charged 
particle, that is, charge is considered real 
and field is considered a condition which 
is produced in the vicinity of charge. The 
reverse of this may be a more exact pic- 
ture of nature but the charged particle 
concept seems to lend itself more readily 
to the development of the science of elec- 
tricity and magnetism. 


ForCES ON ELECTRIC CHARGE 


The science of electricity and magne- 
tism deals with forces between electric 
charges at rest and in motion. We know 
from experiment that electric charges 
exert forces upon each other because of 
their positions, their velocities, and their 
accelerations. .The first effect is the 
basis of electrostatics, the second of gen- 
erated voltages and magnetic forces, and 
the third of induced or transformer volt- 
ages and radio transmission. 


ELECTRIC FIELDS 


Even though it is possible in many 
cases to calculate the forces of electric 
charge in terms of “‘action at a distance,” 
that is in terms of the force of one charge 
upon another, it is almost always simpler 
and more effective to assume that one 
charge or group of charges produces a 
field which in turn exerts a force on other 
charges in the vicinity. Forces between 
electric charges resulting from their rela- 
tive positions are calculated in terms of 
electrostatic fields, and forces between 
charges in motion are calculated in terms 
of magnetic fields. The transmission of 
radio signals is usually calculated in 
terms of the electromagnetic field, but the 
calculations also can be made in terms of 
“vector potentials” which make no use of 
the magnetic field concept. The defining 
relations for the various field quantities 
are presented in the following section. 


The Fundamental Electrodynamic — 
Relations and Quantities 


The fundamental electrodynamic rela- 
tions and quantities are herein developed 
in a rigorous sequence. The source of 
each relation whether experimental, de- 
fined, derived, or generalization is so indi- 
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. 


cated. Space limitations prevent giving 
more than an outline of each derivation, 


or of stating the complete significance of 


all terms of all of the relations. The 
prime purpose in presenting the sequence 
of quantities and relations is to illustrate 
the logical manner in which the relations 
of electricity and magnetism may be de- 
veloped. The reader should refer to 
standard text books in the field for de- 
tails of specific relations. Units given are 
of the mks unrationalized system. 


Basic MECHANICS 


1. J—length, meters (defined) 

2. m—tass, kilograms (defined) 

3. t—time, seconds (defined) 

4, v—velocity, meters per second (de- 
fined) 

5. a—acceleration, meters per second 
per second (defined) 

6. Newton’s law of force 


F=ma (experimental) 


7, F—force, newtons (defined) 

A newton is that force which will 
give a mass of one kilogram an accelera- 
tion of one meter per second per second. 


8. W—work, 
(defined) 


W=Fl 


joules (newton-meter) 


9. P—power, watts, (joules per second) 
(defined) 


P=W/t 


ELECTRIC CIRCUIT QUANTITIES 


10. Ampere’s law of force between 
parallel wires (experimental) 


— Keylilal 
ed 


where yp, is the relative permeability of 
the medium between the wires, J; and I2 
are the currents in the two wires, / is the 
length of the wires, d the distance between 
centers, and K is a constant which deter- 
mines the unit system. To establish an 
unrationalized system 


K=2py 


where p, is called the absolute perme- 
ability of free space. It is really a number 
which determines the size of the electrical 
units. 


11. p,—absolute permeability of free 
space, (defined, fundamental mks unit) 


Hyp=1077 


12. [,by—absolute permeability of a 
medium (defined) 


13. electric current, ampere (defined) 
Unit current is defined in terms of Am- 
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14. Q—electric charge (defined) 
When two bodies attract each other 


with a force other than that of gravitation | 
or repel each other with no material con- 
nection, they are said t to be charged elec- ; 


trically. 


15. Relation between electric current 


and charge (experimental) 
Q=It 
Rowland showed in 1876 that electric 


current was time rate of redistribution of 
charge. 


16. Q—charge, coulomb (defined) 
One coulomb of charge passes a given 


point in a circuit each second when the 
current is one ampere. 


17. Potential difference (defined) 
Potential difference is the action which 
tends to set up a current in an electric cir- 
cuit. The unit is defined in terms of work 
per unit charge. 
18. £, V—potential difference, volts 
(defined) 
A potential difference of one volt is 
said to exist between the points a and b if 


_ one joule of energy is required to carry one 


coulomb of charge from ato b. The point 
b is at a higher potential than a if positive 
work is done on a positive charge. 


W 
Vea= "5 
b 
=— ah 5 008 (F, dl)dl 


where V,, is the potential of the point b 
with respect to the point a, F is the elec- 
tric force on the test charge, and (F, dl) is 
the angle between the direction of the 
electric force and dl, 


19. Resistance (defined) 
Resistance is that property of a circuit 
which opposes current flow. 


20. Ohms Law (experimental) 
I=E/R 
21. R—resistance, ohms (defined) 
A circuit is said to have a resistance of 


one ohm if a potential difference of one 
volt sets up a current of one ampere in it. 


22. Resistance of a conductor (experi- 
mental) 

pl 
R=— 

A 
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_ This relatond is derived from the Didnt 


fion of potential difference, and of current 
‘considered as time rate of redistribution 


of charge. 
25. Power inelectric circuits (derived). 


P=PR 
=VY/R- 


Derived from (24) andOhm’slaw. 


26. Energy in electric circuits (derived) 


W=VIt 
=PRt 
=V4/R 


27. Law of conservation of charge (gen- 


eralization) 


28. Law of conservation ate energy (gen- 
eralization) 


29. Kirchhoff’s laws (derived) 


DE’s=0 
2I’s=0 


These relations are derived on the basis 
of conservation of energy and conserva- 
tion of charge. 


30. Resistances in series (derived) 
R,=R,t+Re+ siteeus +Rn 


31. Resistances in parallel (derived) 


1 
R the! 
EP done 
R Ro a Rn 
MAGNETISM 


Considering Ampere’s law (13) let us 
assume that the current J; produces a 
stress in space which exerts a force on the 
current J,. This assumption is the basis of 
the concept of magnetism. Let us say 
that the stress sets up a quantity called 
flux © (magnetism) usually represented 
by lines, and that the number of lines 
per unit area is flux density B. 


32. Flux density (defined) 
F=BII sin (B, 1) 


Flux density, a vector quantity, is de- 
fined by this relation where (B, J) is the 
angle between the direction of the flux 
lines and the direction of the wire. 


33. B—flux density, webers per square 
meter (defined) 
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ASB cos 


tion’ of the normal to ‘thet rie eren 
dA, 
35. Flux density about a long s 
wire (derived) 


Rotel 


x 


B= 


*% 
where x is the distance i in etete from the 
center of the wire. ef 


36. Field intensity (defined) 
B=pp,H 


Field intensity, a vector quantity, is de 
fined by this relation. It is the agency 
which produces flux density; that is, the 
flux density at any point in a field is pro- 
portional to and directed along the a 
intensity vector. 


37. H—field intensity, pragilberts ber 
meter (defined) 

A field intensity of one pragilbert per 
meter sets up a flux density of 10-7? webers” 
per square meter in free space. 


38. Field intensity about a long straight 
wire (derived) 


39. Magnetomotive force (defined) 
M=J'H cos (H, dl)dl 


Magnetomotive force is defined as the 
line integral of field intensity. It is the 
total magnetic action along a given path. 
(H, dl) is the angle between the direction 
of H and the differential length of path dl. 
40. M—magnetomotive force, pragil- 
berts (defined) 

A magnetomotive force of one pra- 
gilbert will set up a field intensity of one 
pragilbert per meter in a path one meter 
long. 


41. “Magnetomotive force about a long 
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= Ag: « ys Tr 7 Weston ai 
Se 0,43 uy aes ap Eee 
straight wire (derived) 
fe 27 = 
M= th — cos (A, dl)dl 
Le x 


=4rI 


It can be shown that the result is inde- 
pendent of the path of integration. 

42. Magnetomotive force of a coil 
_ (derived) 


| M=45NI 


; \ 
_ Nis the number of turns in the coil 
_ which is carrying the current J. 


: 43. Field intensity resulting from a cur- 
- rent element (generalization) 


a=! sin = dl)dl 
4 wheredH is the field intensity set upat a 
distance x from a differential length of 
: conductor di which is carrying a current J. 
_ This relation must be considered true 
4 because no contradictory evidence has 
_ been discovered. 


; 

E 44, Field intensity about a wire of finite 
__ length (derived) 
3 
6 
f 


“lpspom : 
= (sin a,+sin ae) 


Set up (43) for particular case and in- 
 tegrate. x is the perpendicular distance 
é, from the point at which H is evaluated to 

the axis of the wire. a, and a: are the 
~ angles between the perpendicular and the 
two ends of the wire. 


45. Field intensity on the axis of a con- 
- centrated circular coil 


__ QarNI 
~ (P+ xP 


where r is the radius of the coil and x is 
the distance from the plane of the coil. 

Note. (44) and (45) become expressions 
for flux density by multiplying by u,b» 
46. Total flux produced in a toroid of 
cross-sectional area A and mean length / 
(derived) 


um An NI upuyA 
eet 


Ratio of length to area must be large. 


47, Reluctance (defined) 

The reluctance of a magnetic path is de- 
fined as the ratio of the magnetomotive 
force across a path to the flux set up in the 
path. 


48, (@&—reluctance, 
weber (defined) 
Definition follows from name of unit. 


(approximately) 


pragilberts per 


49, Reluctance of a path (derived) 


Soweder 
~ UpbigA 
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GENERATED AND INDUCED VOLTAGES 


50. Electromagnetic induction (experi- 


- mental) 


Faraday discovered that a voltage is 
generated whenever a conductor is moved 
across a magnetic field or whenever there 
is a change in the number of flux lines 
linking a coil. The first is a case of forces 
between moving charges and the second 
of forces between accelerated charges. 


51. Voltage generated by a moving con- 
ductor (derived) 


V=Blv sin (B, v) 


The derivation is made in terms of an 
elementary generator and the law of con- 
servation of energy. Wire is considered 
moving perpendicular to its axis v is the 
velocity of the conductor and (B,v) is the 
angle between the direction of the flux 
and the velocity. 


52. Flux linkages, weber-turn (defined) 
A= N® 


53. Voltage generated by changing flux 
linkages (experimental) 


Note. The lower case letter ¢ is used in 
this and subsequent relations to indicate 
instantaneous values. Instantaneous cur- 
rent is indicated in a corresponding man- 
ner. 

54. Inductance (defined) 

Inductance is that property of a circuit 
which tends to prevent a change in cur- 
rent. 


55. L—inductance, henries (defined) 
L=e/(di/dt) 


A circuit is said to have an inductance 
of one henry if current changing at the 
rate of one ampere per second induces an 
emf of one volt. 


56. Inductance in terms of flux linkages 
per ampere (derived) 


L=N(d®/di) 


57. Inductance in terms of circuit di- 
mensions (derived) 


es Am Up byN 2A 


i (approximately) 


Derived from (56) and (46). 


58. Inductance of two long straight 
wires. 

Distance d between centers, wire radius 
r, and length of circuit / (derived) 


d 
L =1( 4 log ¢ 2 su) 
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_ 59. L,,—mutual inductance (defined) — 


t 


Lm=e1/(di2/dt) 


60. k—coefficient of coupling of two 


coils (defined) . i 

k= hike : 
where k, = ®,/®; and ky = Dy, /By, 
®,. is the part of flux ®, which also links 


coil 2 and ®,; is the part of flux &2 which 
also links coil 1. 


61. Mutual inductance in terms of self 
inductance (derived) 


-Lm=k V LL, 


’ 62. Energy stored in inductive circuits 


(derived) 


63. Energy stored per unit volume in 
magnetic fields (derived) 


where v is the volume in cubic meters. 
64. Pull of an electromagnet (derived) 


B?A 
Sippy 


ELECTROSTATICS 


The following relations are concerned 
with forces experienced by electric charges 
resulting from their relative positions. 


65. Coulomb’s law of force between 
charges (experimental) 


, QiQ2 


a €, Ey? 
where ¢, is the relative permittivity of the 
medium between the charges, also known 
as the dielectric constant. €, is the abso- 
lute permittivity of free space or more 
exactly a number the magnitude of which 
is determined by the unit system. (In an 


Table | 
ES 
Permeability Permittivity 
of Free of Free 
Unit System Space Space 

Mks unrationalized... 107 Fol LISS LO 
Cgs electromagnetic... 1 Ain dS ClLOst 
Cgs electrostatic...... 1113) X% 105th 

Mks subrationalized. . 4r10-7 =,.8.854X 10712 
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electrostatic system it is chosen arbi- 
trarily and determines the size of the 
electrical units.) 

66. €,—permittivity of free space (ex- 
perimentally determined constant) 


€)=1.113 107” 


The value may be determined by plac- 
ing a known charge Q, at a given distance 
from another known charge Q2 and meas- 
uring the force. 


67. §&—Field intensity (electrostatic) 
(defined) 


Similar to the case of parallel wires, let 
us assume that one charge produces a con- 
dition in space which exerts a force on the 
other charge. The condition is called 
field intensity and is defined by the fore- 
going relation. 


68. &—field intensity, 
coulomb (defined) 

Unit field intensity exerts a force of one 
newton per coulomb on a point charge. 


newtons per 


69. Field intensity in terms of space rate 
of change of potential, volts per meter 
(derived) 

—dE 


& cos (&, dl) = Fas 


This relation is derived from the defin- 
ing relations of field intensity and poten- 
tial difference. 


70. Field intensity about a point charge 
(derived) 
EG 
€, EC? 
71. D—electrostatic displacement den- 


sity or flux density, pracoulombs per 
square meter (defined) 


D=66,& 


Displacement density is set up by field 
intensity and is defined by the foregoing 
relation. 


72. wW—electrostatic displacement or 
flux, pracoulombs (defined) 


y=DA 
or 
v=JS D cos (D, n)dA 


Table Il 

Quantity Replace By 
Permeability s.ncceeen cee Ibn ciateloiatete sfele bro/ 4a 
Permittivitysc5 dees cena chelhiare Eger trarccateteints drrery 
Magnetomotive force.......... Maran jakar Nase 4nM, 
Hieldintensity....a2 secs ye cles EL ee ae tena 4n Hy 
Displacement density......... DD ease an 4a Dy 
Displacementie.sein a eee WD ctatles Gita Aets Anyr 
REMUCHAMCE Iai eici.s asdaelete ascii FR Tait Mev wretatens 4a Rr 
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where is the direction of the normal 
tothe surface. Also see 34. 


73. Displacement from a point charge 
(derived) 


¥=4nQ 
74. Displacement from any charge (de- 
rived) 
v=4r0 
from Gauss’ theorem. 


75. Capacitor (defined) 

If a potential difference is applied to 
two conductors separated by an insulator, 
charge is observed to flow from one plate 
to the other. This arrangement is called 
a capacitor. 


76. C—capacitance, farads (defined) 
C=Q/V 


A capacitor is said to have a capacitance 
of one farad if one coulomb is transferred 
from one plate to the other by a potential 
difference of one volt. 


77. Capacitance of a parallel plate 
capacitor (derived) 


€,€,A 


C 
4x 


78. Capacitance of a concentric cylinder 
capacitor (derived) 


C= €,€y1/2 loge (12/11) 


where / is the length of the cylinder, rz the 
radius of the outer cylinder, and r; the 
radius of the inner cylinder. 


79. Energy stored in a capacitor (de- 
rived) 


W=1/.CV? 


80. Energy stored per unit volume in an 
electric field (derived) 


We. €,€ yO 


v 8a 


81. Force between parallel plates (de- 
rived) 


F= 2ra2A 


€,Ey A 
o = charge density. 

82. Capacitor current (derived) 
4=c(de/dt) 


83. Capacitor voltage (derived) 
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Values of Permeability and 
Permittivity 


Table I gives the values of absolu 
permeability and absolute permittivity i: 
the four common unit systems. In 
cegs electrostatic system the permittivit 
is assigned the value unity by definitior 
and the value for permeability is experi- 
mentally determined. The other three, 
being electromagnetic systems, have the 
values of permeability assigned arbi- 
trarily and the permittivity values are ex- 
perimentally determined. | 


EXAMPLES 


The application of various unit systems 
to the fundamental relations may be illus- 
trated by a few simple examples. 

Example 1. Calculate the force per meter 
of length between two long straight wires 


spaced 10 centimeters apart and carrying 
500 amperes. 


Mks (unrationalized) 
2 I. 
F= Mr Ml 142 
r 


_2X1X10-7X500X500X1 
‘< 0.1 


=0.5 newton 
Cgs electromagnetic 


_ 2X1X1X50X50X 100 
“i 10 


= 50,000 dynes 


F 


Cgs electrostatic 


2X1X1.113X 10-2! 500 X3X10°X 
500 X 3X 10° 


F= 
10 


= 50,000 dynes 


The solutions check since one newton 
equals 105 dynes. The expression does 
not apply to the rationalized system. 


Example 2. Calculate the flux density at 
10 centimeters from a long straight wire 
carrying 50 amperes, 


Mks unrationalized 
Quy byl 
r 


_2X1X10-7X50 
0.1 


F= 


=1X10~* weber per square meter 
Cgs electromagnetic 
re 2X1X1xX5 
10 


=1 gauss 
= 1 maxwell per square centimeter 


The calculation can be made similarly 
for the electrostatic system but there is no 
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a - , , ‘ ' 
accepted name for magnetic flux density 
‘in the electrostatic system. The results 
check again since gausses X 1074 equals 
webers per square meter. 

Example 3. Calculate the capacitance of a 
parallel plate capacitor consisting of two 


plates 50 centimeters square and separated 
by one centimeter. Neglect fringing. 


Mks unrationalized 
_ fed 
4d 
a4 1X1.113XK10-©X0.25 
4x X0.01 
= 2.22107" farads 


Cc 


_ Cgs electrostatic 

| 1X1X502 

as 4nX1 

= 198.8 stat-farads 

| , Cgs electromagnetic 

1X 1.113 10-2! 50? 
4rX1 

=2.22107 19 abfarads 


~ See Hudson for a complete list of conversion 
factors. 


_ Fundamental Rationalized 
Relations 


changed to the rationalized form by mak- 
ing the substitutions indicated in Table 
II wherever any of the quantities listed 
__ appeared in the relations. 

3 The question of the choice between the 
rationalized and unrationalized systems 
is not the subject of this paper. 


Unit Magnetic Pole 


The unit magnetic pole has not been 
used in connection with the organization 
because the approach to magnetism 
through forces on current carrying con- 
ductors seems more satisfactory to the 
writer. Too often the student is intro- 
duced to electrical and magnetic quan- 
tities through the concept of impossible 
experiments with unit poles. However, it 
is granted that the concept may be useful 
in certain field analyses and there is no 
objection to defining a unit pole for this 
purpose just as we have defined magnetic 
fields for the purpose of simplifying the 
calculation of forces between electric 
charges in motion. 


Summary 
Most of the fundamental relations in 


electricity and magnetism are presented 
in general form. The relations are called 
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Thé fundamental relations can be 


150,000 Horsepower Applied to 


Aeronautical Research 


JAMES A. WHITE 


ASSOCIATE AIEE 


EHIND THE SCENES of the rapid 
development of aeronautics in this 
country during recent years are the aero- 
nautical research laboratories. In addi- 
tion to their part in the development of 


‘ aeronautics, these laboratories are of 


interest because of the variety of electric 
devices they employ and the surprising 
magnitude of their electric power loads. 
One of the largest aeronautical labora- 
tories in terms of electric power is the 
Ames Aeronautical Laboratory of the 
National Advisory Committee for Aero- 
nautics, located at Moffett Field, Cal. 
This laboratory, on which construction 
was started in 1939, has developed rapidly 
to the point where it is now the largest 
single connected load on the Pacific Gas 
and Electric Company’s system. With 
completion of wind tunnels now under 
construction this laboratory will have 
over 150,000 connected horsepower. 
The Ames Aeronautical Laboratory is 
one of three laboratories of the National 
Advisory Committee for Aeronautics 
(NACA) the other two laboratories being 


Paper 46-197, recommended by the AIEE com- 
mittees on air transportation and electric machinery 
for presentation at the AIEE Pacific Coast meeting, 
Seattle, Wash., August 27-30, 1946. Manuscript 
submitted June 25, 1946; made available for 
printing July 24, 1946. 
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suitable types of equipment to meet the require- 
ments of the Ames Aeronautical Laboratory. 
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at Langley Field, Va., and Cleveland, 
Ohio. The National Advisory Committee 
for Aeronautics consists of 15 members 
appointed by the President and serving 
without pay. This committee serves in 
an advisory capacity and is charged with 
the responsibility of studying the funda- 
mental problems of flight with a view to 
their practical solution. A large support- 
ing staff of full-time employees under the 
director of aeronautical research operates 
the facilities just mentioned, and carries 
out all types of appropriate basic studies 
of interest to not only the military serv- 
ices and the industry but also to the air 
lines and private flyers. The Ames 
laboratory includes several of this coun- 
try’s most up-to-date and highest powered 
wind tunnels, as well as a highly devel- 
oped flight research department. 


Wind Tunnels 


The largest users of power at the Ames 
laboratory are the wind tunnel fan drives. 
From the standpoint of control require- 
ments and novel applications of electric 
machines they are also among the most 
interesting. A wind tunnel is simply a 
device for circulating air past an airplane 
or model of an airplane to simulate the 
conditions which occur in flight. A 
schematic sketch of a typical wind tunnel 
is shown in Figure 1. The propeller, or 
fan, circulates air around the continuous 
closed air passage in the direction shown. 
The air speed is increased to a maximum 
at the test section, where the model is 


general in the sense that they are com- 
plete and correct for use with any con- 
sistent unrationalized unit system. The 
basis of each relation is clearly indicated 
and the relations appear in a logical se- 
quence of development. That is, the 
basis of each succeeding relation is found 
in the preceeding relations. Such an or- 
ganization presents the beginning student 
with the means of acquiring a funda- 
mental understanding of the science of 
electricity and magnetism, and also 
forms his basic training in engineering 
analysis. 
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mounted, by the nozzle-like shape of the 
air passage at the approach to the test 
section. Beyond the test section the 
passage gradually is expanded again to 
reduce the air velocity and minimize 
friction losses. . 

The airplane or model undergoing 
tests is supported on a balance system so 
that the forces of the wind on the model 
may be measured to determine its lift, 
drag (resistance to forward motion), 
pitching moments, and so forth. In 
addition to the over-all forces on the 
model, forces on individual components 
may be measured by suitable techniques 
such as pressure-distribution measure- 
ments or by special measuring devices 
built into the model. The wind tunnel 
provides a simple device in which con- 
trolled test conditions are readily obtain- 
able, and the effects of changes to the 
model may be studied quickly, accurately, 
and without the hazards of experimental 
flight testing. Figure 2 shows a powered 
model mounted in the 7-by-10-foot wind 
tunnel. 

The power required to operate a wind 
tunnel ranges from a few horsepower up 
to many thousands of horsepower, de- 
pending upon the size and the air speed 
produced. The ideal wind tunnel would 
test full size airplanes at maximum flying 
speeds. However, such a wind tunnel 
would require over 400,000 horsepower; 
consequently, all wind tunnels to date 
have represented compromises, either as 
to size or maximum air speed, or both. 
In the early days of aeronautics much 
valuable information was obtained from 
small low speed wind tunnels of a few 
horsepower. As progress in aeronautics 
has demanded more and more attention 
to details the scale-effect errors of such 
small low speed tunnels no longer can be 
tolerated. Moreover, as the speed of 
flight approaches or exceeds the speed of 
sound (approximately 765 miles per hour 
at sea level) important phenomena 
caused by compressibility of the air 
occur which cannot be simulated in a 
wind tunnel except by operation at the 
same high speeds. Thus one finds at the 
Ames laboratory, for example, the fol- 
lowing wind tunnels: 


1. The 40-by-80-foot full scale wind tunnel 
with a test section 80 feet wide by 40 feet 
high capable of testing actual full size 
airplanes up to about 70-foot wing span at 
air speeds up to 250 miles per hour. 


2. The 16-foot high speed wind tunnel 
(16-foot-diameter test section) which tests 
relatively large models up to about 90 
per cent of the speed of sound. 


3. The 1-by-3-foot supersonic wind tunnel 
which tests small models at speeds equiva- 
lent to 1,600 miles per hour at sea level. 
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TEST SECTION 


Figure 1. 
features of a wind tunnel 


These tunnels require, respectively, 
36,000, 27,000, and 10,000 horsepower. 


Four other wind tunnels of various par-_ 


ticular characteristics make a total con- 
nected wind-tunnel-fan horsepower of 
87,950. An additional 50,000-horse- 
power supersonic wind tunnel now under 
construction, plus the miscellaneous labo- 
ratory equipment, will bring the total 
connected horsepower of the Ames labora- 
tory to well over 150,000 horsepower. 
Figure 3 shows the 27,000-horsepower 
16-foot high-speed wind tunnel. 

The requirements for the drive system 
for a wind tunnel'‘are quite exacting in 
that they usually require adjustable 
speed over a very wide range and steady 
speed at any given speed setting, while 
at the same time often requiring tre- 
mendous motor sizes. Operation is in- 
termittent and the equipment must with- 
stand frequent starting, stopping, and 
speed changing. In large sizes, power 
factor of the drive system may be impor- 
tant, and starting surges or surges during 
speed changing may be a critical factor 
for large wind tunnels. 

Of the various types of adjustable 
speed drives available, the d-c adjust- 
able voltage system (in which the pro- 
peller is driven by a d-c motor supplied 
by a separate generator, and the speed 
control is obtained by varying the voltage 
of the generator) has been almost ideal 
for these applications because of its 
simplicity of control, wide speed range 
without discontinuities, and adaptability 
to automatic control. This system has 


Figure 2. A pow- 
ered model mounted 
in the 7-by-10-foot 
wind tunnel at the 
NACA Ames 
Aeronautical Labo- 
ratory, Moffett 
Field, Calif. 
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Schematic sketch of the essential 


' tained by impressing a voltage of 


ye 
oR Oe 


power tunnels. < this pe the 
propeller motor is a wound-rotor in 
tion motor, and speed 1 control is 


trollable frequency on the rotor of the 
induction motor. oT oe 


MopIFIED KRAEMER ADJUSTABLE co 
DRiVE 


To understand the operation of the 
modified Kraemer system, it might be 
well to consider first the action of the 
wound-rotor induction motor with co 4 
ventional speed control by means of 
secondary resistance. The voltages and 
power in the rotor circuit are indicated 
in Figure 4a. For ease in understanding, 
the rotor circuit is shown in Figure 4 as 
though single phase, and, in determining 
components of power, internal losses are 
neglected. As the resistance connected 
across the rotor is increased, the rotor 
must slip a greater amount in respect to 
the rotating stator flux in order to gen- 
erate sufficient voltage in the rotor cir- 
cuit. This circulates sufficient current 
in the rotor to develop the necessary 
torque, resulting in a decrease in speed. 
By varying the rotor resistance a range 
of speeds may be obtained. The current 
and voltage in the rotor circuit will be 
alternating at a frequency corresponding 
to the slip between the rotor and the 
stator flux. As far as the rotor circuit is 
concerned, the motor acts like a genera- 
tor and, neglecting motor internal 
losses, induction motor theory shows that 
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an amount of power is dissipated in the 


resistor equal to Ps, where P is the power 


input to the motor and s is the slip in 
fraction of synchronous speed. Thus 
power is wasted, resulting in a low effi- 
ciency which cannot exceed (P — Ps)/P 
= 1 — s = speed in fraction of synchro- 
nous speed. 

If it were possible to generate a voltage 
whose frequency would at all times be 
equal to the slip frequency of the motor 
and in the proper phase relationship, it 
would be possible to substitute this gen- 
erated voltage in place of the voltage 
drop across the resistor. An alternator 
may be considered as a source for such a 
voltage. At first glance it would seem 
impracticable, in replacing the resistance 
by an alternator, to keep the generated 
frequency the same as the rotor frequency 
so that the generated voltage at all times 
would be exactly opposite in phase to the 
voltage induced in the rotor circuit. 
However, upon studying the arrangement 
further, it will be found that any tendency 
for the alternator voltage to change in 
frequency or phase in respect to the rotor 
voltage will result in a circulating current 
which will produce a synchronizing torque 
tending to prevent the two from getting 
out of phase. This action is very similar 
to that which occurs in the case of a 
synchronous motor which, within the 
limits of its pull-out torque, always will 
remain with its internal generated voltage 
in phase opposition to the line voltage. 
If the frequency of the alternator is de- 
creased by decreasing the alternator 
speed, the synchronizing current induced 
between the alternator and the induction 
motor rotor will increase the motor torque 
causing the rotor to speed up, thus de- 
creasing the slip frequency and permit- 
ting the two to remain in step. Can- 
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Figure 3. The 27,000-horsepower 16-foot 
high-speed wind tunnel at the NACA Ames 
Aeronautical Laboratory 


versely, if the alternator frequency is in- 
creased, the resulting circulating current 
will cause the induction motor to de- 
crease in speed so that the increased slip 
frequency still matches the alternator 
frequency. Thus, the speed of the induc- 
tion motor may be controlled over the 
operating range by varying the speed of 
the alternator connected to the rotor. 
Similarly, as the main motor is loaded 
and tends to slow down, the correspond- 
ing phase shift between the rotor voltage 
and the alternator voltage causes a cir- 
culating current to flow which produces 
the necessary torque to support the load. 
The same circulating current flowing 
through the alternator tends to speed up 
the alternator, causing it to act as a 
motor. The flow of power is shown in 
Figure 4b. 

The speed of the alternator can be ad- 
justed most readily by driving it by a 
d-c motor supplied from a d-c generator 
with adjustable voltage speed control. 
The complete system is outlined in Figure 
5 for the case of a single fan motor. 

The alternator must be of sufficient 
size to handle the full load rotor current 


_of the induction motor, and must be able 


to produce, at the primary frequency, a 
voltage equal to the rotor voltage of the 
induction motor at standstill; although, 
with a fan load, the conditions of maxi- 
mum current and maximum voltage never 
occur simultaneously. The power which 
must be handled by the motor-generator 
sets under any particular condition of 
load and speed must be equal to the 
power in the induction motor rotor cir- 
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cuit which otherwise would have been 
dissipated in a secondary resistance. 
This power, as previously stated, is equal 
to Ps, or, in terms of the motor output, 
the rotor power is P,[s/(1-s)], where P, is 
the power output. For a fan load varying 
as the cube of the speed, such as is en- 
countered in the usual wind tunnel drive, 
the rotor power reaches a maximum value 
at two-thirds synchronous speed equal to 
approximately one-seventh of the motor 
horsepower rating. Thus, it may be seen 
that most of the auxiliary machines are 
much smaller in size than would be the 
motor-generator set for a straight d-c 
adjustable-voltage system. 

This modified Kraemer system is con- 
siderably more complicated in the num- 
ber of machines involved and the com- 
plexity of the control than a straight d-c 
adjustable-voltage system. In fact, it 
involves, in addition to the wound-rotor 
motor, a complete adjustable-voltage 
system for secondary frequency control. 
The advantage of the modified Kraemer 
system on extra large drives lies in the 
reduced size of the d-c machines, and the 
fact that the equipment may be started 
with less disturbance to the power system 
than in the case of starting the adjustable- 
voltage d-c system. This system has 
essentially all the desirable control char- 
acteristics of the d-c adjustable-voltage 
system, including ready control of power 
factor and good efficiency. 

In the usual starting sequence the con- 
stant speed motor-generator set is 
first started. This set is quite small com- 
pared with the rating of the main motor 
and offers no difficulties from the stand- 
point of starting surge. The variable 
speed set then is brought up to speed 
with the alternator excited until the 
alternator frequency is 60 cycles. Since 
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Figure 4. Woltage and power relations in 
the circuit of a wound-rotor induction motor 


(a.) With resistance in secondary circuit 
(b.) With counter electromotive force of an 
alternator in secondary circuit 


the alternator is connected to the main 
motor rotor at all times, a voltage appears 
on the primary of the motor. By adjust- 
ing the alternator speed the motor stator 
voltage may be synchronized with the 
line voltage and the motor primary 
breaker closed with no attendant power 
disturbance. The motor then may be 
caused to rotate at any desired speed by 
reducing the speed of the alternator. 
With this system a 27,000-horsepower 
motor can be brought onto the line with 
no more disturbance than that incurred 
in starting a 5,000-horsepower synchro- 
nous motor. 

While exciting the main motor from 
the secondary side prior to synchronizing, 
the d-c machine of the constant speed set 
is generating, driving the variable speed 
set. After synchronizing, when the 
alternator frequency is reduced and the 
main motor starts rotating and picking 
up load, the flow of power is reversed. 
Thus the various machines operate some- 
times as generators and at other times as 
motors, and the terms generator or motor 
are meaningless. 

Figure 5 shows a single fan motor. The 
modified Kraemer system functions 
equally well if the load is divided among 
two or more motors with their rotors 
connected to a single alternator. In fact 
the 36,000-horsepower wind tunnel, be- 
cause of its tremendous size, actually 
uses six. 6,000-horsepower motors and 
fans arranged aerodynamically in parallel 
in a double row of three above three 
(Figure 6). The motors are mounted in 
the air stream, housed in the faired en- 
closures immediately in front of the pro- 
pellers. Since all motors are connected 
to a common frequency on the stator side 
and to another common frequency on the 
rotor side, they operate in exact syn- 
chronism with each other. In the 16-foot 
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wind tunnel the 27,000 horsepower is ; 
divided between two 13,500-horsepower 
motors driving separate counterrotating — 


fans in tandem (Figure 7). The two 


motors are mounted back to back in the 


steel enclosing drum between the two 
fans. 

A doubly fed induction motor is similar 
to a synchronous motor in that it has a 
revolving stator field and a separately 
excited rotor field, the two fields being 
locked into step by the synchronizing 
torque. As a synchronous motor tends 
to oscillate, or hunt, so also does the 
doubly fed induction motor. A damper 
winding cannot be used on the induction 
motor, as on the synchronous motor, be- 
cause the magnetic flux normally rotates 
in respect to the rotor at slip frequency 
and would generate a high voltage in the 
damper winding even though there were 
no hunting. Thus the hunting problem 
demands careful attention on the part of 
the designer. Where there is a single 
motor, damping can be incorporated in a 
damper winding in the variable-fre- 
quency alternator. However, if two or 
more induction motors are connected in 
parallel to a single alternator, it is possible 
for the motors to oscillate in respect to 
each other without affecting the alter- 
nator, thus obtaining no help from the 
damper winding. In the 16-foot wind 
tunnel with its two motors, the manufac- 
turer avoided independent oscillations 
between the motors by connecting the 
variable frequency alternator in series in 
the rotor circuit between the two motors 
so that circulating current. between the 
two motors also must pass through the 
alternator. In the 40-by-80-foot wind 
tunnel with its six motors there was no 
alternative to the parallel connection, and 
hunting was prevented only by careful 
attention to damping factors in the de- 
sign. 

Figure 8 shows the control motor—gen- 
erator sets at the 16-foot wind tunnel. 


Figure 6. View 
looking upstream at 
fans of the NACA 
40-by-80-foot wind 
tunnel—six fans, 
each driven by a 
direct - connected 
6,000 - horsepower 
motor 
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Figure 5. Connection diagram for a complete 
modified Kraemer system ; 


Two d-c machines are seen on each set 
because it was impracticable to handled 
the full power in a single d-c machine. 
Figure 9 shows a view of the associated 
switchgear. Modern metal clad switch-_ 
gear is used throughout, using oil circuit 
breakers of 500,000 kva interrupting 
capacity. Controls are semiautomatic 
so that the wind tunnel operator can de- 
vote his full attention to the test under 
progress. Only such simple controls as a 
“‘start-stop’”’ switch and a speed control 
switch are required to give the operator 
complete control of the massive wind 
tunnel drive equipment. When starting 
a run the operator simply turns the 
start-stop switch to “‘start.” Without 
further attention on his part the equip- 
ment automatically goes through the 
sequence of starting the various auxiliary 
machines and motor—generator sets and 
automatically synchronizing them with 
the line. When the main motors are on 


the line a red light is illuminated on the 
control panel signalling to the operator 
that the equipment is on the line ready 
for him to adjust the speed as needed, 
The complete start consumes approxi- 
mately four minutes. 
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The 12-foot pressure wind tunnel, with 
10,250 fan horsepower, uses to advantage 
a combination of d-c adjustable-voltage 
control and wound-rotor induction motor 
with secondary resistance control. The 
fan drive unit consists of a 1,250-horse- 
power d-c motor and a 9,000-horsepower 
wound-rotor induction motor in tandem. 
A motor-generator set supplies adjus- 


table voltage direct current for the d-c 


motor, while a liquid rheostat provides 
an adjustable resistance for the induction 
motor rotor circuit. Since the fan load of 
a wind tunnel varies approximately as 
‘the cube of the speed, a tunnel requiring 
10,250 horsepower at full speed would re- 
quire only 1,280 horsepower at one-half 
speed. Thus the 1,250-horsepower d-c 


~ motor provides ample power up to almost 
half speed. Above half speed the induc- 
’ tion motor is energized and its secondary 
resistance adjusted so that it carries the 


excess load. At full speed both motors 
are carrying full load. Sensitive auto- 
_ matic speed regulation is maintained at all 
speeds through the d-c motor to prevent 


- fluctuations in speed. 


* 


SUPERSONIC TUNNEL DRIVES 


The wind tunnels discussed thus far 
all operate at test air speeds below the 


' speed of sound. Wind tunnels designed 


for operation at test section air speeds in 
excess of the speed of sound, that is, 
supersonic wind tunnels, exhibit some 
quite different characteristics. 


1. In the supersonic tunnel the volume of 
air handled is relatively small and pressure 
differences relatively high; consequently, 
the “fan”? of a supersonic tunnel has less 
of the characteristics of an ordinary fan or 
airplane propeller and is more like a turbine 
or air compressor. In fact, the 1-by-3-foot 
supersonic wind tunnel uses commercial 
centrifugal type air compressors to move 
the air. 


2. At supersonic speeds, an attempt to 
increase the air speed by speeding up the 
blower results primarily in an increase in 
air density at the test section rather than 
an increase in air speed. Hence air speed 
control in this class of wind tunnel must 
be obtained by changing the nozzle contours 
and the cross sectional area of the test 
section, and_a constant speed motor may 
be used to drive the blower. 


The 10,000 horsepower 1-by-3-foot 
supersonic wind tunnel utilizes four 2,500- 
horsepower synchronous motors driving 
individual compressors. The 50,000- 
horsepower supersonic wind tunnel now 
under construction will utilize two 25,000- 
horsepower wound-rotor induction mo- 
tors driving an axial-flow compressor. 
However, wound-rotor motors were se- 
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lected instead of synchronous motors, not 
for speed control, but rather from con- 


siderations of starting of large machines 
with high WR? load. 


Variable Frequency Systems 


In conjunction with the wind tunnels 
another major application of electric 
power is in the operation of model pro- 
pellers on models undergoing tests. T he 
rapid increase in the engine power in air- 
planes in recent years has made the ef- 
fects of the propeller slipstream and pro- 
peller thrust so important an item in the 
characteristics and control of the airplane 
that it is no longer possible to obtain 
sufficiently useful test information on the 
model without duplicating the action of 
the propellers. Ina full-scale wind tunnel 
it is usually convenient to use the actual 
service engine and propeller when testing 
airplanes. In models, however, it is neces- 
sary to provide some other source of pro- 
peller power. When a small-scale model 
is scaled down from the actual airplane, 
it generally is found that the space avail- 
able for a motor to provide the motive 
power for the propeller on the model is 
much too small for any standard motor. 
Also, the rotational speed required for 
the propeller is very high. In scaling 
down the propeller operation from a full- 
scale airplane to a small model, it is 
necessary that the tip speed of the pro- 
peller on the model be the same as the tip 
speed on the full-scale propeller. This 
necessitates that the propeller speed be 
increased in proportion to the decrease in 
its diameter. Thus, if a full-scale pro- 
peller operates at 1,500 rpm, the propeller 
on a 1/10-scale model would have to turn 
at 15,000 rpm. 

To meet these difficult conditions, the 
most practical solution has been the use 
of 3-phase squirrel cage induction motors, 
since this type of motor is simplest in 
construction and smallest in size for its 


Figure 8. Control 
motor — generator 
sets for NACA 16- 
foot wind tunnel 
drive system at the 
Ames Aeronautical 
Laboratory 
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Figure 7. View looking upstream at fans of 
NACA 16-foot high speed wind tunnel at 


the Ames Aeronautical Laboratory—two 
fans, each direct connected to a 13,500- 
horsepower motor 


horsepower rating. Even then, in order 
to get the power within the available 
space, all possible means must be taken 
to keep size at a minimum. Conse- 


quently, the motors are water cooled and ~ 


are operated at temperatures which would 
not be tolerated in ordinary motors, but 
which give a reasonable length of life for 
such test purposes. A few small motors 
have even used carbon dioxide from high 
pressure cylinders as a refrigerant for 
cooling. As examples of what can be ob- 
tained in motors of this type, motors 
rated 22 horsepower at 12,000 rpm and 
measuring only 41/2 inches in diameter by 
12 inches long and motors rated 100 
horsepower at 10,000 rpm measuring 8 
inches in diameter by 161/s inches in 
length are typical of water cooled models. 
A motor 2 inches in diameter by 7°/s 
inches long is available rated 4 horse- 
power at 18,000 rpm with combined 
water and carbon dioxide cooling. Figure 
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10 shows the 4-horsepower and 100-horse- 
power motors with a conventional 1- 
horsepower general purpose motor for 
comparison. These motors for models 
usually are designed to carry their rated 
load for approximately 20 minutes, 
which allows sufficient time for the aver- 
age test. They have been built in ratings 
from 2 horsepower at 18,000 rpm to 
1,000 horsepower’ at 2,400 rpm. The 
aeronautical laboratories continually are 
attempting to produce smaller and more 
powerful motors. 

On these high-power high-speed motors, 
bearings are a major problem. Thus 
far, antifriction bearings have been used 
exclusively. A major addition to bearing 
troubles arises from the dissipation of the 
heat from the rotor of the motor. The 
stator is readily water-cooled, but there 
is no way of applying water to the rotor. 
Consequently, any heat generated in the 
rotor tends to travel along the shaft and 
heat the bearings. The point has not 
been reached where the bearings can be 
depended upon completely. However, 
it has been found necessary to provide 
the bearings with considerable internal 
looseness of the balls in the races in order 
to allow the inner race to expand without 
causing the bearing to become tight. 

In nearly all tests using model pro- 
pellers, it is essential to be able to vary the 
propeller speed over a wide range. Since 
the motors are of the squirrel cage induc- 
tion type, the only means available for 
varying their speed is to change the fre- 
quency of the power supply from which 
they are operated. Thus, a variable 
frequency power supply is a necessary 
accessory for power-on tests. These 
variable frequency power supplies con- 
sist of either an alternator or a frequency 
changer driven at any speed over a wide 
speed range by a d-c motor supplied 
from a separate d-c generator with ad- 
justable voltage control. In order to ob- 
tain the necessary high speeds with 
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the NACA 16-foot 
wind-tunnel 
at the Ames Aero- 
nautical Laboratory 


squirrel cage induction motors, it is 
necessary to operate them on high fre- 
quencies. Thus approximately 300 cycles 
per second are required for 18,000 rpm. 
There are seven separate variable fre- 
quency systems at the Ames laboratory 
of ratings from 100 kw at 400 cycles to 
1,800 kw at 150 cycles. The motors 
usually are operated at a constant ratio 
of voltage to frequency because this re- 
sults in a constant magnetic flux in the 
motor and gives approximately a con- 
stant value of current for a given torque 
throughout the speed range. However, 
different values of volts per cycle are re- 
quired for different motors. 

The distribution of the output of each 
variable frequency set to several points of 
utilization offers interesting problems. 
The ordinary a-c power distribution sys- 
tem is a simple parallel system—the 
voltage and frequency are constant, the 
circuit is energized at all times, and mo- 
tors and equipment necessarily are pro- 
vided with any features required for 
starting on a full voltage system. Any 
number of loads can be manipulated inde- 
pendently without appreciably affecting 


A. A 100-horse- 
power 10,000-rpm 
water cooled motor 


B. A 4 ~ horse- 

power 18,000-rpm 

water- and carbon- 

dioxide - cooled 
motor 


Cli Ay “ieihorses 
power 1,725-rpm 
conventional general 
purpose motor 
(shown for com- 
parison) 
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other loads being disconnected. Vari- 
able frequency motors ‘normally are 
started on reduced frequency | and voltage — 
without auxiliary starting ‘equipment. 
This necessitates interlocking equipment 
to prevent application of the power un-— 
less the voltage and frequency are at low 
values. These requirements result in 
rather involved systems when one vari- 
able frequency set must serve several. ; 
different load stations, or when provisions } 
are required for paralleling sets for added 
capacity. Distribution problems are j 
complicated further by high voltage drop 
in cables because of high reactance at the | 
high frequencies involved. 

The same line of high speed motors andl P 
variable frequency supply systems is used _ 
to drive blowers, instead of propellers, 
to simulate the jet from a jet engine. The 
testing of jet propulsion combinations has 
introduced a new need for extremely high 
speed motors in high horsepower ratings. 


Power Supply and Distribution 
System 


Electric poweris delivered to the labora- 
tory at 110,000 volts from the Pacific 
Gas and Electric Company’s large sub- 


Figure 10. Two typical motors for powered 
aircraft models shown in comparison with a 
conventional general purpose motor 
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Fault-Current Measuring Device 


MARTIN J. LANTZ 


ASSOCIATE AIEE 


\ 
N electric power system operation 
numerous problems are encountered 


in analyzing the results of short circuits 


and in the physical location of the trouble. 


- Some devices now available for analyzing 


short circuits in a-c circuits are the oscil- 


lograph, the annunciator ammeter, and a 
_ magnetic link device requiring rectifiers. 


The oscillograph is the most accurate de- 
The annunciator 
ammeter provides a limited amount of 
data; however, it offers a high electric 
burden to the circuit and does not have 


closely graduated steps of reading. 


When a short circuit occurs on a power 
system, the current normally increases 
immediately in the faulted area. The de- 


_ vice that records the phenomena must be 


5 


- Pacific Coast meeting, 


very rapid and positive in action. It 


Paper 46-179, fecommended by the AIEE com- 
mittees on instruments and measurements and 
protective devices for presentation at the AIEE 
Seattle, Wash., August 
27-30, 1946. Manuscript submitted March 26, 
1946; made available for printing July 9, 1946. 


Martin J. LAnvTz is in the system engineering sec- 
tion of the Bonneville Power Administration, 
Portland, Oreg. 


must not interfere with the electrical 
characteristics of protective apparatus in 
the same circuit, and it must be prepared 
to operate automatically, recording values 
that may be interpreted later. To be ex- 
tensively applied, the device must be in- 
expensive, reasonably accurate, and re- 
liable. 

The fault-current measuring device 
described in this paper meets these re- 
quirements. 


Description of Device 


The fault-current measuring device for 
use in a power circuit consists of one or 
more coils of insulated copper wire with 
magnetic links snugly fitted within them, 
and a standard high-speed voltage relay 
with low resistance and normally closed 
contacts shunting the coils (Figures 1-3). 
The use of a surge-crest ammeter and a 
demagnetizing coil is required to read the 
magnetization of the links and to demag- 
netize them after energization. The 
surge-crest ammeter is a special device 


station at Newark, Cal. A 50,000-kva 
and a 5,000-kva transformer bank reduce 
the voltage to 6,600 volts for distribution 
to the various loads which all are located 
relatively close to the substation. For 
the 50,000-horsepower supersonic tunnel 
under construction, an additional 62,500- 
kva transformer bank is being installed. 

Owing to the large concentration of 
power, careful consideration has been re- 
quired to keep the short-circuit capacity 
on the 6,600-volt feeders under 500,000 
kva. To exceed the 500,000-kva limit 
would increase the cost of motor-control 
switchgear greatly as well as increase the 
probable extent of the damage in case of a 
fault. To keep within the 500,000-kva 
limit it was found necessary to avoid 
interconnecting the 6,600-volt busses of 
the proposed 62,500-kva bank and the 
existing 50,000-kva bank and install a 
small amount of reactance in the feeders 
to the 50,000-horsepower supersonic tun- 
nel, The machines of the large wind 
tunnel drive systems make appreciable 
contributions to the short-circuit capac- 
ities on the 6,600-volt busses. 

Power is distrubuted at 6,600 volts to 
the various buildings for small power and 
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lighting. Y-connected 120/208-volt sys- 
tems, on which 120-volt single phase 
loads may be distributed on all three 
phases, are used to advantage in the 
buildings, where the loads are a combina- 
tion of lights and 3-phase motors. Ina 
new hangar and shop building of much 
larger size than previous buildings, a 440- 
volt system was installed for building 
distribution and for motor loads with 
440- to 120/208-volt dry-type trans- 
formers at load centers for lighting and 
convenience outlets. 

Wind tunnels always operate intermit- 
tently, and much of the time at less than 
maximum rated power. Consequently, 
by staggering operation of several wind 
tunnels, it is possible to operate under a 
maximum kilowatt demand limit much 
less than the total kilowatt rating of the 
apparatus. In order to make most effi- 
cient use of power within the established 
maximum demand limit without unneces- 
sarily delaying any wind tunnel, a total- 
izing and telemetering system is being 
installed which will indicate at all times 
at each wind tunnel control desk and at a 
central dispatcher’s office the total kilo- 
watt demand for the entire laboratory. 
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used principally in lightning investiga- 
tion for measuring the degree of mag- 
netization of magnetic links. The mag- 
netic link consists of three or four small 
magnetic laminations enclosed in a small 
tube. The device may be built with one 
or more coils to cover the desired current 


range. It is designed to operate in the 


secondary circuit of current transformers 
and is placed in series with the regular 
current-operated system protective relays 
or in the metering circuits. The burden 
of the device is low. 

The high-speed by-pass relay is used 
with the device to minimize the effect of 
the initial d-c offset that may occur when 
the magnitude of an inductive alternating 
current is suddenly increased. In the 
field test application the by-pass relay was 
energized from the same direct voltage 
circuit that energized the tripping circuit 
of the oil circuit breaker. The by-pass 
relay which operates as a result of action 
by the system protective relays then 
opens its normally closed contacts across 
the coils one cycle or more prior to the 
zero point of the interrupted wave, 
allowing the current to be measured to 
flow through the coils and magnetize the 
links. The magnetic links are in the 
electric circuit when used with the by- 
pass relay only after the relay is energized 
and the by-pass contacts are open. 
Figure 4 is a typical schematic installation 


of the device. After operation of the | 


device a target shows, the coils are again 
by-passed, and the by-pass relay locks 
out to prevent a second operation. A 
second device may be placed in service 
automatically if desired. 

One device designed and tested covers 
a current range of approximately 4 to 60 
amperes rms alternating current and con- 
sists of a 12- and a 56-turn coil in series. 
Assuming a 600/5 ratio current trans- 
former, a primary current range of ap- 
proximately 500 to 7,200 amperes is 
covered. 


Theory 


The magnetic link is placed in the coil 
and is magnetized by an alternating cur- 
rent flowing through the coil. This 
alternately magnetizes the link in one 
direction and then the other, the mag- 
netism following the link’s hysteresis 
loop. Each half cycle of symmetrical 
current demagnetizes the magnetism re- 
sulting from the previous half cycle and 
remagnetizes the link in the opposite 
direction. The electrical principle of the 
device is based upon the hysteresis loop of 
the small magnetic link and the inter- 
ruption of the current at the zero point 
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BY-PASS RELAY 


A-C MAGNETIC LINK 


Schematic diagram of basic device 
fault-current measurement 


Figure 1. 
for 


Figure 2. Rear view of preliminary sample 
of fault device showing relays 


Device is mounted in cradle of standard single 
element protective relay 


a * 


Figure 3. Front view of preliminary sample 
of fault device showing coils and links 


(Figure 5). The residual magnetism re- 
tained by the magnetic link is propor- 
tional to the peak or crest magnitude of 
the last half cycle of the current, providing 
the last two half cycles are approximately 
equal in magnitude. This magnetism is 
then measured with a surge-crest am- 
meter. A calibration curve is obtained 
by plotting surge-crest ammeter readings 
against alternating current values. This 
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the last half cycle of alternating current 


through the coil by interrupting the cur-_ 


rent at zero and reading the degree of link 


magnetization by the surge-crest am-_ 


meter. 

If the current is asymmetrical contain- 
ing a d-c component, the magnetism of the 
link is affected and records a value which 
will not compare with a calculated or 
measured symmetrical value. The initial 
surge of direct current may place an 
amount of magnetism in the link that 
cannot be wiped out before the circuit is 
interrupted by the successive half cycles 
of opposite direction. The by-pass relay 
effectively eliminates the d-c component 
from the link as long as it is by-passed 
and then applies a reduced d-c component 
to the link, resulting in a more accurate 
determination of the magnitude of the 
last half cycle. By placing in series 
with the coils a 0.2- to 0.3-ohm resistance, 
the current is diverted to the by-pass re- 
lay contacts. This is a precaution 
against contact resistance and adds only 
a small burden to the circuit during the 
time the by-pass contacts are open. The 
illustrated replica of a test oscillogram 
demonstrates the action of this by-pass 
relay (Figure 6). 


Use and Advantages 


The basic device, which is considered 
to be the coil and link, will record auto- 
matically the magnitude of the last half 
cycle of an alternating current wave pre- 
ceding its interruption at current zero by 
an oil circuit breaker. To obtain data of 
practical value on power systems with 
high-speed oil circuit breakers which may 
not allow time before opening for the d-c 
component effect to neutralize itself in 
the link, the by-pass relay is a necessary 
adjunct to the device. The data ob- 
tained by the device will aid greatly in 
determining the actual current values 
from short circuits on power systems. 


OIL CIRCUIT BREAKER 


STATION 
BATTERY 


SYSTEM PROTECTION RELAY 


CURRENT 
TRANSFORMER 


Figure 5. Hysteresis 
loop and sine wave 
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The following is a list of some of the 
vantages over devices which accomp: ish 
similar purposes, such as the automatic — 
oscillograph and the annunciator am- 
meter: Be 


1. Simplicity. There are no moving parts 
in the recording portion of the device, 
therefore no mechanical failures resulting — 
from restrained movement can occur. The — 
by-pass relay is considered as auxiliary oe 
the basic device. 


2. Instantaneous operation. There is no — 
mechanical inertia in the recording portion 
of the device. It requires no mechanical — 
action and is ready at all times for instant 
record. * 


3. Durable record. It is desirable to read _ 
the device soon after its operation but the — 
reading may be deferred a number of hours. 


4. It records a value proportional to the 
magnitude of alternating current without 
resorting to initial rectification. 


5. Used in conjunction with a by-pass 
relay to record the last half cycle of a 
transient asymmetrical wave, the effect of 
the possible high initial d-c offset resulting 
from short circuits is materially reduced. 


6. The device has a low electric burden 
and does not jeopardize the operation of 
protective devices. 


7. The device may be automatically locked 
out of the circuit after operating. 


8. The readings obtainable from the device 
are a continuous graduation of values ob- 
tained from a calibration curve allowing 
more accurate analysis to be made than is 
possible from a step-reading device such as 
the annunciator ammeter. 


9. The device is inexpensive, making it 


Figure 4. Schematic 

diagram of typical 

installation of fault- 
current device 
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the system to obtain operational records. 
As a fault-locating device and indicator of 
the type of fault, it can be applied to many 
ines where a more expensive device is not 
‘easible. 


_ Aseries of tests using the magnetic link 
was made by the Bonneville Power Ad- 
ministration’s electrical laboratory. 
These constituted both laboratory and 
field tests. 


LABORATORY TESTS 


The laboratory tests provided a-c and 

d-c magnetic link calibrations for various 
_ turn coils and tests to determine the 
‘effectiveness of the by-pass relay on 
4 asymmetrical waves. Data were secured 
for 5-, 10-, 12-, 20-, and 45-turn coils. 
.. 
“ Figure 7. Fault device laboratory test on 
A 5-, 10-, and 20-turn coils 


4 
s 


~ @—A-<c calibration 


~ A—Link reading short-circuited by relay 

; H—Link reading not short-circuited by relay 
= ee 
4 ¥ Turns Max Avg Current 

i of Deviation, Deviation, Range, 
- Curve Link Coil Per Cent Per Cent Amp 

Be A..-.8..7-90.... 8.7...4.5, —4.2.. 9.410 38.5 
> Bee Ossi. 10\2ci51 0260.00.29; —7.8..18.8to77 

s GHA an Oak AOS .8.7, —5.3..38.5 to 84.8 


possible to distribute them extensively about | 
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Figure 6. Replica of oscillogram showing 
results of use of by-pass relay across coil 
during system test 


A—Current through coil when by-pass relay 
contacts are opened 

B—Current through coil when by-pass relay 
contacts are closed 

C—Last one-half cycle current measured by 


link 


The a-c calibration data were obtained 
by adjusting the current with a variable 
resistive load. The energized circuit was 
closed through a circuit breaker into a re- 
sistance load, the circuit breaker opening 
at the zero point of current. Oscillo- 
graphic records were obtained for all tests 
so that the results could be correlated. 
The a-c calibration points are indicated in 
Figure 5 by the circles. Peak amperes 


B/79-7 


divided by the square root of two are 


plotted against surge-crest ammeter read- 


ings. 


To determine the effect of the by-pass 
relay on offset currents, the resistance 
load was replaced with an inductive load. 
The current was passed through two coils 
in series, one of which was by-passed for a 
few cycles. The points in the squares, 
Figure 7, indicate the link readings con- 
taining the effect of d-c offset. The 
points in the triangles indicate the 
link readings in the by-passed coil. 
Shunting most of the d-c offset current 
around the link causes the link reading to 
move closer to the calibration curve. 

Similar data are shown in Figure 8 for 
the 12- and 45-turn coils. Since the 
surge-crest ammeter readings are more 
accurate above 18 and below 70, these 
values were used as the limits of re- 
liability. 


Figure 8. Fault device laboratory test on 
12- and 45-turn coils 

©—D-c calibration 

A—Link reading short-circuited by relay 

fH—Link reading not short-circuited by relay 
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The relationship between actual oscil- 
lographic measured current values and 
current values measured by means of the 
magnetic link are expressed in Table I as 
percentages of the link reading. 

Theoretically the magnetic link should 
be magnetized in proportion to the peak 
value of current for a sinusoidal wave. 
Tests show the magnetic link d-c calibra- 
tion curve to lie slightly higher than the 
corresponding a-c calibration curve which 
is to be expected after the first half cycle 
of magnetization. 

All tests conducted should give link 
readings corresponding to the a-c calibra- 
tion curve. However, the tests con- 
ducted in the laboratory corresponded 
more closely to the d-c calibration curves. 
This was probably the result of a higher 
percentage of harmonics introduced by 
the highly reactive test load used. 

Tests in the field corresponded more 
closely to the a-c calibration curve as ex- 
pected. The a-c calibration curve was 
used as the basis for determining the 
field test currents. 


FIELD TESTS 


A series of staged system fault tests 
was made in May 1945, including single- 
phase-to-ground, two-phase-to-ground, 
and phase-to-phase faults. A  fault- 
current measuring device with a by-pass 
relay was installed during the tests. 
The data resulting from these tests are 
shown in Figure 9. The test data were 
plotted on the a-c calibration curve for 
the 12-turn coil. All data were compared 


Table Il. January 20, 1946, Midway Sub- 
station Single-Line-to-Ground Short-Circuit 
Tests 


Results Obtained Using Fault-Current Measur- 
ing Device With By-Passed 12- and 45-Turn 


Coils 
Amperes Rms Last Half 
Cycle 
Test Magnetic Magnetic Per Centt 
Number Link Oscillograph Deviation 
Ld recwets « 4,960... 5 2b0 Hiren ae —5.9 
? in wri AON A APT anoontnnters ATi Olaentanttan 0 
DR hates sdie 4,860... Bh OOO 2 o obs a +3.7 
ae BO 3,700. . Se PAs sears crea 
4R 5,380.. Sct ee ena cabot +3.0 
1s fee ee 1,295.. .1,290.. +0.3 
Oreste ts in 1,295... DOO S t5a son —0.8 
Fh Pe ee 2,305.. 2 OOO in aisha +11.8 
Aras nates SAO). satya nets SAA a! rare +9.5 
Sav omithc 1,655... DOGO diese —0.3 
8R . 1,655. 1,660. . —0.3 
bares ee 1,645. L S45) ee ee —12.1 
(19 SA a 1,260. UU USOUR Sod rs's +5.6 


Average —3.9, +4.8 


* Failure to record correct value. Possible ex- 


planation in the text under field tests. 


t J oscillograph ms Niink, 
Think 
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Figure 9. Fault de- 
vice field test on 12- 
turn coil 


©—A-c calibration 
data 
H—Link reading 
without by-pass 
A—Link reading 
with by-pass relay 


SURGE CREST AMMETER READING 


with oscillographic records taken during 
the test. 

The oscillograms of the tests show a 
higher degree of d-c offset present than 
normally would be expected for system 
faults. Several tests resulted in a rather 
large amount of d-c offset still present at 
the time of interruption. 

A second field test was conducted in 
January 1946, during which thirteen 
single-phase-to-ground faults were made 
on the system. The results of this test 
are summarized in Table II. A maxi- 
mum deviation from the oscillographic 
record was 12.1 per cent with an average 
deviation of minus 3.9 per cent and plus 
4.8 per cent. One failure was recorded. 
A possible explanation for this failure 
was that a d-c transient caused by the 
collapsing flux of a saturated current 
transformer demagnetized the link caus- 
ing it to read low. A d-c transient of 
opposite direction to the last half cycle 
shows on the oscillogram after current 
interruption. 


Conclusions 


The magnetic link fault-current meas- 
uring device shows excellent correlation 
between its readings and corresponding 
values from oscillograms for both labora- 
tory and field tests. The accuracy dis- 
played on all the tests indicates a maxi- 
mum deviation from the oscillographic 
record of approximately plus or minus 
12 per cent and an average deviation of 
approximately plus or minus 5 per cent 
for the accepted design. 

The tests conducted utilized a mag- 
netic link and a surge-crest ammeter 
which were designed for a different pur- 


Lantz—Fault-Current Measuring Device 
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$-$ 29-G 19-G 
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Magnetic Link Data. Midway Test May 20, 1945 


Number Max Avs 
Type of of Deviation,* Deviation,* 
Fault Readings Per Cent Per Cent 
WKS wes comes be ana SB, axe FU. Dix oie see ae 2.7, - 
Soci sees Sy eraane = on ais ie 0.9, —1.5 
B-Oaasica reece G.gseeds Poe 3 gre ec a 3.3, —4.2 


* Compare to asymmetrical rms current values. 


pose. Possibly a redesigned magnetic 
link and magnetism detecting device 
could be developed that would improve 
the operation of this device for the appli- 
cation to a-c measurements. 

The device may be used extensively on 
a system because of its simplicity and low 
cost. 

Since it is a current-operated device, it 
may be used on lines or feeders of any 
voltage using the proper current trans- 
formers. 

There are several advantages of the de- 
vice, one being improvement over the 
accuracy of the annunciator ammeter for 
use as a fault locator using the current- 
ratio method. It may be used as a check 
on relay target operation when additional 
coils are used in the separate phases to 
determine the type of fault and phases in- 
volved. It is believed the device has 
very good capabilities for use on power 
systems for the determination of the 
magnitude of fault currents. It provides 
a method for determining the interruptoin 
current of an oil circuit breaker during a 
fault. The latter may be of value in 
scheduling maintenance for oil circuit 
breakers. The device measures the mag- 
nitude of the last half cycle of current be- 
ing interrupted. The difference between 
the magnitude of the last half cycle cur- 
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Synopsis: The frequency performance of 
small thyratrons is investigated by supply- 
ing anode voltage from a variable frequency 
electronic generator of 1,400 watts output 
capacity. At high audio frequencies there 
is a departure from the 60-cycle-per-second 
performance; the grid control character- 
_istic resolves itself into two characteristics— 
a starting characteristic and an extinguish- 
‘ing characteristic: The starting character- 
istic is shown to be a function of grid—anode 
capacitance and grid resistance. The ex- 
-tinguishing characteristic is determined by 
deionization effects and so is a function of 
frequency, grid resistance, anode current, 
_ tube geometry, and gas pressure. 
a 


. 7 nes are many applications for 
_ — thyratrons at frequencies above the 
power frequency of 60 cycles per second. 
Inverters, servo controls, relaxation oscil- 
- lators, radar modulators, and grid-con- 
4 trolled rectifiers for airborne equipment 
are examples of such applications. The 
: frequency range is from a few hundred to 
50,000 cycles per second. Although the 
3 circuits used in these applications are well 
understood, the exact nature of ionization 
and deionization effects on thyratron per- 
- formance generally has not been known. 
_ This paper reports aninvestigation of such 
effects as affected by anode-supply fre- 
~ quency. A sinusoidal wave shape was 
- used for the various tests because it fre- 
- quently is used in actual circuits and be- 
cause it is easy to generate. Wave shape 
affects thyratron performance, but per- 
formance with other wave shapes can be 


SS SS SS eS 
Paper 46-203, recommended by the AIEE commit- 
tee on electronics for presentation at the AIEE 

_ Great Lakes District meeting, Indianapolis, Ind., 
October 9-11, 1946. Manuscript submitted May 
13, 1946; made available for printing August 29, 
1946. 


Husert H, WitrenBerc is an engineer with RCA 
Victor Division, Radio Corporation of America, 
Lancaster, Pa. 


ee 


rent and the current at the time the con- 
tacts part, which is defined as the inter- 
rupted current, is usually negligible. 
This may not be true in the case of very 
fast circuit breakers opening before the 
d-c component has decayed to a non- 
critical point, for restrikes, nor for low- 
voltage circuit breakers where the arc 
voltage is sufficient to choke down the 
last half cycle of current. The instances 
in which the device will be subjected to 
these conditions probably will be infre- 
quent. 
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extrapolated from the results obtained 
with sine waves. 

In the tests the sinusoidal voltage is 
applied to the anode circuit of the tube 
under test; hence the voltage source must 
have considerable power capability. A 
high-power electronic audio-frequency 
generator capable of supplying 1,400 
watts of power at 115 volts in the fre- 
quency range of 300 to 3,500 cycles per 
second was used in this investigation.! 
By means of an external signal generator, 
the equipment also could be used as a 
power amplifier to produce reduced power 
at frequencies up to 20,000 cycles per 
second. The output voltage of the gen- 
erator is maintained at a preset level in- 
dependent of load by means of a regulat- 
ing circuit having a time constant of about 
one second. 

Figure 1 shows a block diagram of the 
test setup. TJ is a stepup transformer to 
supply the anode voltage for the tube 
under test. R, is a load resistor to limit 
the average anode current I,. Filament 
power for the tube under test comes from 
the 60-cycle power line. Peak anode 
voltage is measured with a diode type 
peak voltmeter. Wave forms of both 
current and voltage are monitored on a 
cathode-ray oscilloscope. Grid voltage is 
supplied by a 90-volt battery. 

One type of thyratron, 3D22, was 
selected to be run through all the tests in 
which conditions would be subject to con- 
trol by the user. The type 3D22 is a 
xenon-filled shield-grid thyratron rated for 
a peak forward voltage of 650 volts, a 
peak inverse voltage of 1,300 volts, and an 
average current of 0.75 ampere. Its con- 
trol ratio is 150. 

However, other tube types were put 
through some of the tests. The results 
reveal the effects of tube geometry and 


]= average current 
E =peak voltage 
Rating of  trans- 
former T: 
Primary =115 volts 
Secondaries = 3,500 
/1,750 volts, 2,000/ 
4,000 volts, and 
4,000/500 volts 
Volt-amperes = 
9,120/2,750 
Frequency=0.3 to 
3.5 ke 
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AVERAGE ANODE 
CURRENT (Ip) 


- aid the user in selecting the proper tube 


type for a given application. 

An additional test shows the effect of 
change in gas pressure, a characteristic 
which is subject to control by the user 
only in the case of mercury thyratrons. 


Thyratron Control Phenomena 


TRANSITION TO ON-OFF CONTROL 


At a low frequency (60 cycles per 
second), the average current through a 
thyratron can be controlled by the grid 
and can be calculated from the following 
equation,? which neglects tube drop: 


’ 


if = Exp 


1 0 
oe ) 


By = peak anode supply voltage (sinusoidal) 
R,=Ioad resistance 
@=phase angle at which conduction begins 


When the grid voltage is zero in a nega- 
tive grid thyratron, @ is zero, conduction 
starts at the beginning of the anode volt- 
age cycle, and maximum average current 
flows. With increasing negative grid 
voltage, 6 approaches 90 degrees and the 
current is reduced to one-half the maxi- 
mum average value. With only direct 
voltage on the grid, 0 to 90 degrees is the 
maximum range of variability since mak- 
ing the grid still more negative cuts off the 
current completely. 

When the anode supply frequency is in- 
creased sufficiently, this mechanism 
breaks down. The grid no longer is able 
to vary the anode current; it becomes 
simply an on-off control, the current being 
established only by the external anode 
circuit. Figure 2 shows this transition in 
the case of the type 3D22 thyratron. The 
explanation of this form of operation is 
that ions remaining from the previous 
conduction cycle interfere with the grid 
control. At low frequency the interfer- 
ence is small and the extinction current is 


Test setup for audio frequency 
testing of thyratrons 


Figure 1. 
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_ therefore nearly half the maximum cur- 
tent. As the frequency is increased, this 
interference increases, the extinction 
current increases until it reaches the maxi- 
mum average value, and we have solely 
on-off control. 

However, if one desires to obtain a vari- 
able anode current at frequencies beyond 
1,500 cycles per second for the type 3D22 
thyratron one can use the d-c bias-phase- 
control method.’ In this case the grid 
voltage consists of a combination of 
direct voltage plus a 90 degrees lagging 
alternating voltage. This method is suc- 
cessful in controlling the average anode 
current at higher anode supply frequencies 
whereas the direct voltage method alone 
would fail. The explanation is that the 
alternating grid voltage sweeps out ions 
while swinging negative. Figure 3 gives 
the conditions under which this control 
may be applied to the type 3D22 thyra- 
tron at a frequency of 2,000 cycles per 
second where d-c grid voltage alone would 
not permit variable control. 


Two CONTROL CHARACTERISTICS— 
STARTING, EXTINGUISHING 


It became apparent as these tests pro- 
gressed that there is not one but two con- 
trol characteristics. One characteristic 
describes the relation between anode 
voltage and grid voltage on starting. 


Rq) = 0.1 MEG. 
42 =O 
Ecce =0 
Epp = 650 
Eqq) =35V.(RMS) LAGGING 90° 
(IN ADDITION TO VARIABLE DC) 
£22000 CPS 


AVERAGE ANODE AMPERES 
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Table I] Capacitance Measurements of the 


Type 3D22 Thyratron 
‘ Capacitance, 
Tube Component wut 
SOGK ODS wate cave parce eta oie, sieve otianeere ete 0.229 
Grid—anode (inside envelope)........... 0.094 
Effective base pin (tube in socket)....... 0.126 
PR Otel ees hsds'e hiss cusy dhayoveleveist eis ePuaieceistacte 0.449 


This is the initial conduction of current 
and is not to be confused with the every 
cycle starting which accompanies an a-c 
anode supply. The other describes this 
relation for extinction or cutoff of the dis- 
charge. By cutoff is meant failure to re- 
ignite on successive cycles. Figure 4 
shows how the extinguishing character- 
istic has shifted considerably in the nega- 
tive direction at 2,500 cycles per second. 
This shift is caused by a lack of complete 
deionization. At a low frequency (60 
cycles per second) the extinguishing 
characteristic is coincident with the 
starting characteristic. 

To the author’s knowledge the first in- 
vestigator to indicate that there are two 
control characteristics was W.G. Shep- 
herd of the Bell Laboratories. In 1943 
Shepherd published a paper describing 
work ondeionization effects in thyratrons.4 
He differentiated between a static and 


Figure 3. Thyratron 
control of type 
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characteristic is a fun on ¢ 
Figure 5 shows how this c 
shifts with frequency for tl 
thyratron, At 3,500 cycles per s 
grid cutoff voltage is nearly te1 

60-cycle value. The shift is iner 
a rate faster than proportional { 
quency. Nevertheless, the grid is st 
potent as a control electrode, and in none 
of these tests did the grid lose control 
completely. If the grid voltage is m 
sufficiently negative it will sweep out 
ions at a rate such that it can prevent 
ignition on the next positive cycle. The 
limit is reached, however, when the sum 
of the negative grid voltage plus the pea kK 
anode voltage exceeds the cold break- 
down value between grid and anode; in 
other words Paschen’s law is operating. 7 


. 


The starting control characteristic fo 
the type 3D22 thyratron was found to be 
constant for frequencies from 60 to 3,500 
cycles per second. However, this condi- 
tion is a special case; usually the starting 
control characteristic is a function of fre- 
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Figure 4. Control characteristics of type 


3D22 thyratron starting and extinguishing 
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‘Figure 5. Typical extinguishing control char- 
acteristic of type 3D22 thyratron 


Ry =0.1 megohm 
Ip =0.2 ampere at Eoo1 =O 


Ry2=0 
Eceg =O 


4 quency. In order to illustrate the general 
case consider the type 2050 thyratron. 
_ The type 2050 is a xenon-filled shield-grid 
_ thyratron similar to the type 3D22 but 
smaller in size. The ratings are a peak 
forward voltage of 650 volts, a peak in- 
_ verse voltage of 1,300 volts, and an aver- 
- age current of 0.1 ampere. Its control 

ratio is 250. Figure 6 gives the starting 
- control characteristic as a function of 
_ frequency for this type. One may ob- 
_ serve that, like the extinguishing charac- 

teristic, the shift is toward the negative 

grid voltage but that the shift is not as 
~ great. This shift is not caused by ioniza- 
tion but by coupling to the grid through 
the anode-grid capacitance shown in 
Figure 7. 

The anode-grid capacitance Cp, is 
small and therefore its reactance is 
large in comparison with the grid re- 
sistance. Hence the induced grid voltage 
is nearly 90 degrees ahead of the anode 
voltage. This induced voltage becomes 
tangent to the critical grid voltage at 
point x. As the frequency of the anode 
supply is increased the induced voltage 
increases, and thus conduction begins at a 
more negative d-c grid voltage. 
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CONTROL VERSUS GRID RESISTANCE 


The tests presented thus far all were 
made at one value of grid resistance, 
namely 0.1 megohm. Figure 8 shows the 
effect of varying this grid resistance at a 
fixed frequency of 1,000 cycles per second. 
Both the starting and extinguishing grid 
voltages become more negative as the 
grid resistance is increased. 

It is now clear why no shift in starting 
characteristic was observed in the case of 
the type 3D22 thyratron. The grid re- 
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Figure 6. Typical starting control character- 
istic of type 2050 thyratron 


Ry =0.1 megohm Ryo =O Ecce =O 


sistance chosen (0.1 megohm) was not 
sufficiently large. 

The explanation of the starting shift 
has been given. To check the data in 
Figure 8, capacitance measurements were 
made on the type 3D22 thyratron and its 
socket with the results as given in Table I. 
It is interesting to note that only one- 
fourth of the capacitance is contributed 
by the tube electrodes. Tube capacitance 
as published by tube manufacturers in- 
cludes neither the interbasepin capaci- 
tance nor the socket capacitance. 

The capacitive reactance of 0.449 mi- 
cromicrofared at 1,000 cycles per second is 
354 megohms. The peak induced grid 
voltage for the conditions of Figure 8 at 
five-megohm grid resistance is 9.18 volts 
The induced grid voltage does not cut the 
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Figure 7. Anode-grid coupling in thyratron 


critical grid voltage at the peak of the in- 
duced voltage, but it is close to this value. 
Reading the data from the curve of Figure 
8, we find that the shift in control grid 
bias from 60 to 1,000 cycles per second is 
from minus 4.5 to minus 16.5 or 12 volts. 
The remainder of the shift is caused by 
direct current resulting from leakage or 
grid emission. 

The shift in extinguishing character- 
istic increases with grid resistance be- 
cause of the effects just described plus 
deionization effects. Increasing the grid 
resistance decreases the effectiveness of 
the grid as a deionizing agent. The grid 
is able to sweep out fewer ions between 
conduction periods. 


CONTROL VERSUS ANODE CURRENT 


It is a common conception that the 
control characteristic is independent of 
current. At high audio frequencies this is 
not true. The cutoff bias is a linear func- 
tion of the average anode current as 
Figure 9 shows. 
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Figure 9. Extinguishing grid voltage versus 


average anode current for type 3D22 thyratron 


Such a linear relationship would be 
expected if the following train of events 
are considered. The number of positive 
ions in the discharge is proportional to the 
current that has passed. Between conduc- 
tion cycles the quantity of ions decays 
exponentially at a fixed rate, so that at a 
fixed time after current ceases in the ex- 
ternal circuit the number of ions is pro- 
portional to the current that flowed. The 
negative grid, being the most effective 
deionization agent, sweeps the ions out at 
a rate approximately proportional to the 
negative applied voltage. At the begin- 
ning of the next cycle, if the grid has re- 
duced the ions below a critical number, 
the anode rising in voltage will not be able 
to initiate a discharge. 

Because of these relationships the anode 
current must be specified when the con- 
trol characteristic at high frequency is 
given. 


EFFECT OF INDUCTANCE 


When there is inductance in the load, 
the current persists after the anode volt- 
age has dropped to zero. The solution® 
for a pure inductive load is 


ty woFs (cos 8—cos wt) 

The generator produces a sinusoidal volt- 
age of angular frequency w and peak value 
E. 6 is the angle of firing as set up by E,,, 
the d-c grid supply. 

This persistence of current beyond 180 
degrees results in a larger number of ions 
in the tube at the beginning of the next 
conduction cycle and hence requires a 
larger negative grid bias to sweep these 
ions out and to allow the grid to regain 
control. The effect may be seen in Figure 
10 where a more negative curve was ob- 
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Figure 11. Thyratron constructions 


tained when a transformer was inserted 
between the audio generator and the tube 
under test. 

In taking these data the transformer 
ratio, resistive load, and voltage were 
selected to minimize the effect of trans- 
former inductance. 


Comparative Data on 
Different Thyratrons 


Types 2051, 2D21, and 884 also were 
tested in this investigation in addition to 
types 3D22 and 2050. Ratings of these 
types appear in Table II. Figure 11 
illustrates the construction of each one of 
these types. The cross sections are shown 
accurately to scale; the dimensions given 
are inside values. Note the similarity 
among the three types 3D22, 2050, and 


7a 


es 


6) FiO) 2 las 


vee SorPLy Be 


Figure 10. ‘sea 

supply on sages 
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STARTING ConTROL CHARACTERISTIC i 

In Figure 12 the starting control 
characteristics are compared for the four 
high-control-types. Types 2050 an 
2051 have a high anode-grid capacitan 
and therefore exhibit a large shift. The 
2D21 thyratron has the smallest grid: 
anode capacitance and hence the smallest 
shift. The frequency has to be increased 
to 15,000 cycles per second before a shi 
is observed in the 2D21. 

Figure 14 gives the starting character- 
istic for type 884. This thyratron has < 
large grid-anode capacitance but it 
control ratio is so low that the shift is not 
excessive even at high audio frequencies. 


EXTINGUISHING CHARACTERISTIC 
{ 


The extinguishing control charac- 
teristic for the type 3D22 thyratron is 
shown in Figure 5. In Figure 13 the ex- 
tinguishing characteristics are compared 
for the four high-control-ratio types. 
The shift in control is roughly propor- 
tional to the cross-sectional area of the 
type. Table III gives another indica- 
tion that the phenomena are effects of 
deionization, 


2D21. Each of these types is a xenon- Although the type 2051 thyratron is a 
Table Il. Comparative Ratings of Thyratron Tubes 
es 
Anode—Grid 
Peak Forward Peak Inverse Capacitance 
Voltage, Voltage, Average Current, (Including Socket), Control 
Type Volts Volts Amperes nut Ratio 
2p OP Fed its a Bice wie (ayo [ESCO rao 7 bye Li SOD Peeve oe ea ccirs Ly Aros art aot ac Rats OAG Sere ne eee 150 
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ages for types 2021, 3D22, 2050, and 2051 


a 


ey She 


: 


‘ 
oo 


a thyratrons 


r 


‘renewal type, not to be specified for new 


equipment, it was tested because it was 


; expected that the use of the lighter gas 


_ argon in place of xenon would lower its 


deionization time. However, the gas 


" pressure is nearly three times greater in 


_ the latter tube and therefore counteracts 
the difference between gases. 


Referring to Figure 14 for the type 884, 


it may be seen that the starting and ex- 
 tinguishing characteristics are identical. 


One must conclude that the effect of de- 


- ionization on the control characteristic is 
negligible even up to 20,000 cycles per 
second. The whole shift is caused by 


grid-anode coupling; consequently, the 


type 884 is the most desirable tube for 
high frequency work. 


Effect of Pressure 


STARTING CONTROL CHARACTERISTICS 


A number of type 2050 tubes were made 


~ with pressures ranging from 25 to 250 


microns of xenon. The starting charac- 
teristics of these tubes were measured, 
but there is no definite shift with pressure. 


_ Had the pressure range been extended 


down to about five microns a shift prob- 
ably would have been observed since this 
is the pressure range in which mercury 
thyratrons exhibit a large shift in control 
characteristic.® The explanation for this 
shift in starting control characteristic of a 
thyratron with pressure will be consid- 
ered in order to distinguish it from the 
other shift phenomena observed in this 
paper. It is the same as the explanation 
for Paschen’s breakdown curve of a gas 
diode. As the pressure is increased each 
electron makes more collisions and pro- 
duces more ions in crossing the tube. Thus 
the critical anode current for the forma- 
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Figure 14. Starting and extinguishing char- 
acteristic of type 884 thyratron 


Ry =0.1 megohm = Jy = 0.1 ampere at E,-1=0 


tion of a discharge with the given anode 
voltage is reached at a lower initial elec- 
tron current or at a greater negative grid 
voltage. 


EXTINGUISHING CONTROL 
CHARACTERISTIC 


It is known that deionization time is a 
function of pressure’ so that, if the shift 
in extinguishing control characteristic is 
a deionization effect, the shift should be a 
function of pressure. The results of the 
test for extinguishing characteristic are 
elegant as Figure 15 will attest. The 
curves fall in order toward the negative 
grid voltage as pressure is increased. 


Conclusions 


The following conclusions can be 
drawn about the performance of thyra- 
trons at high audio frequencies: 

1. The grid loses control over the average 


anode current but is still potent enough to 
shut off the discharge. 


2. There are two control characteristics 
instead of one—a starting characteristic and 
an extinguishing characteristic. 


3. The starting characteristic shifts nega- 
tively with increasing frequency as a result 
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Figure 13. Comparison of extinguishing grid 
voltages for types 2021, 3D22, 2050, and 
2051 thyratrons 


of coupling through grid—anode capacitance. 


4, The extinguishing characteristic shifts 
negatively with increasing frequency be- 
cause of coupling through grid—anode ca- 
pacitance as well as because of deionization 
effects. 


5. The extinguishing characteristic shifts 
negatively with increasing grid resistance. 


6. The extinguishing characteristic shifts 
negatively with increasing anode current. 


7. A comparison of tubes of similar con- 
struction indicates that the shift of ex- 
tinguishing characteristic with frequency is 
roughly proportional to the cross-sectional 
areas of the tube cage. 


8. The starting characteristic may shift 
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Figure 15. Extinguishing characteristic versus 
pressure for type 2050 thyratron 


Ryi=0.1 megohm Ry. =0 
Tp =0.200 ampere at Ere1 =O =O 
Frequency = 3,500 cycles per second 


TRANSACTIONS 847 


Low Reactance Flexi 
Induction Heat 


MYRON ZUCKER 


MEMBER AIEE 


ve HERE has been a demand for a flex- 


ible cable to carry single phase current 
for induction heating at frequencies up to 
10 ke. Tests on an interleaved type 
of cable, used widely in portable spot 
welding, indicate its usefulness in carrying 
thousands of amperes at potentials under 
1,000 volts at the higher frequencies. 
The flexibility of the cable has been 
sought for two purposes in induction heat- 
ing: 


1. For convenience of installation in the 
generator-transformer-coil circuit and for oc- 
casional shifting of the machinery. 


2. For ability to carry currents (generally 
at low voltages) to coils that may be fre- 
quently or even continuously in motion. 


In some cases, maneuverability is so im- 
portant that it is advisable to use water 
cooled conductors in order to minimize 
cable size. Especially in such cases, it is 
logical to consider an adaptation of an in- 


ing 


" 


terleaved type cable now widely used to 
carry heavy currents to portable spot 
welders. The basic problems of low react- 
ance, high flexibility, and water tightness 
have been solved in this cable. The prin- 
cipal new requirement for induction heat- 
ing is higher electric insulation. This has 
been attained for several hundred volts, 
and the cable is being used with and with- 
out water cooling. 

The purpose of this paper is not to de- 
scribe the cable (which has been covered 
elsewhere from the welding viewpoint! ’), 
but to estimate and give test values for 
some physical and electrical characteris- 
tics pertaining to its use at higher frequen- 
cies. The material offered here is not ex- 


Paper 46-153, recommended by the AIEE joint sub 
committee on induction and dielectric heating for 
presentation at the AIEE summer convention, De- 
troit, Mich., June 24-28, 1946. Manuscript sub- 
mitted April 29, 1946; made available for printing 
May 16, 1946. 


Myron ZucKER is a vice-president of Mackworth G. 
Reese, Inc., Detroit, Mich. 


negatively with increasing gas pressure be- 
cause of increased ionization efficiency. 


9. The extinguishing characteristic will 
shift negatively with increasing gas pressure 
because of increased ionization efficiency as 
well as for reasons of longer deionization 
time. 


Appendix. Nomenclature 


TI =average current 

E=peak voltage 

Fci=d-c supply voltage for number 1 grid 
Eccg=d-c supply voltage for number 2 grid 
Rgi=resistance in series with number 1 grid 
Rg. =resistance in series with number 2 grid 
E.:=voltage at number 1 grid 


Table Ill. Extinguishing Control Character- 
istics of Thyratron Tubes 


Shift in D-C Supply 
Voltage for No. 1 


Cross Section, 


Type Square Inches Grid E,.1, Volts 
S22 des: ON SLSeeincin siete 22 
ZOSOM nicks cas. ONLS4 ec oor aes 9 
QD ZU are ctshe. «ie» OST Ss Oe aa tenement 2 


60-3,500 cycles per second; yy =600 volts. 
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F..=voltage at number 2 grid 

Eggi1=a-c (rms) supply voltage for number 1 
grid 

Ey) =peak supply voltage for anode 

I, =average anode current 

f =frequency of anode supply 


Note: All voltages are referred to cathode. 
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many ‘ cl 


coblesaere Heme 


may be preferable in. 
This presentation i 
leaved type cable. ‘Physi al dime 
arecovered. They affect Sa! 
of larger diameter being stiffer) and 
be known for calculation of induc 
actance. The latter is covered in so 
tail since it is the major element of i 
pedance of the cable at the frequenc 
involved. Some data are given on res 
ance, capacitance, and leakage lo 
Cable ratings are not considered her 
further information is needed on incr 
resistance losses at high frequencies in or- 
der to extend welding application data.? 
Also, more data are required on heating 
time constants at low water rates to eval: A1- 
ate heating and cooling of the cable under 
intermittent operations. ® i 


Description of Cable ; 


The essence of this cable design is that 
each conductor is broken up into a number 
of “‘ropes’’ (see Figure 1) placed around a 
central nonconducting core in a manner 
similar to the outer groups of the ordinary 
concentric-lay stranded electric cable. 
Ropes of alternate polarity lie next to each 
other except for a thickness of insulation 
between them. Since water cooling is de- 
sired each conductor is bare, and the in- 
sulation takes the form of a tube of irregu- 
lar cross section that is formed in place in- 
side half of the conductors and outside of 
the other half. The whole mass is held ina 


ers 3-7 


WEAR MANDREL 


SEAMLESS 
SEPARATOR 


Figure 1. Cross section of interleaved cable 
for six ropes, three per electric side 
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2. Symbols for analysis of cable 


section 


om 


3 


regular pattern by means of an outer cov- 
ering. 

_ Some of the computations that follow 
are based on this arrangement. Then 
simpler formulas are derived from an ap- 
proximate pattern in which all the conduc- 
tors are on the circumference of one circle 
with radial insulating partitions. It is 
evident that the more ropes that are pro- 
vided, the lower will be the reactance and 
the skin effect, which becomes important 
at higher frequencies. More ropes entail 
a larger core. 

A The core is a nonconductor which has 
been adopted for mechanical reasons even 
though the use of copper in the core 
would result in a smaller over-all cable 
diameter. The question is how great a 
price in terms of bulk must be paid for the 


Zi 
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NUMBER OF ROPES IN CABLE 
4 6 8 10 12 


OUTSIDE DIAMETER OF CABLED WIRES — INCHES 


ESTIMATED OUTSIDE DIAMETER OF OUTER COVER — INCHES 


2 3 4 5 6 
NUMBER OF ROPES PER SIDE 2.0 


Figure 3. Calculated dimensions versus num- 
ber of ropes in three sizes of interleaved cable 
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_ lower impedance obtained by subdividing 


the copper. A ie . 
Cable Dimensions 


The size of the cable is important not 
only because it determines flexibility, but 
also because the electrical characteristics 
depend on the size and the distance be- 
tween conductors. 

The geometry is somewhat complicated 
by'the fact that the conductors are on the 
circumferences of two circles. The ropes 
O outside the insulating separator are on 
one circle; the ropes J that are inside are 
on another circle (see Figure 2). 

Let 


ry =radius of each conducting rope 
R’=radius of insulating core 

t =thickness of insulating separator 
Then let 


a=straight line distance between centers of 
adjacent ropes 
=2r-+t 


b=radius of circle upon which J ropes center 
=R’+r 


c=radius of circle upon which O ropes center 


=R’+r+i 
To solve the triangle abc, let 


_a+bte 
aeneD 


S 


Then 


eo rea Tepe Tea 


=R’+2r-+t 
5 +204 


which, by coincidence, equals the radius of 
a circle around the cable. 

If 2 equals the total number of ropes, 
then the angle between the centers of ad- 
jacent ropes is A = 360°/n. 


Since 


A oy EERO 
Be 2 bc 


we obtain, by substituting for A, S, b, and 
c from the foregoing expressions, 


180° 


=(S—b)(S—c)/be 


& (r+i)r 
~ (R’+r+t)(R’ +7) 


A 
sin? 5 = (sin?) 


This may be solved for the diameter of 
the core: 


2R!=—(2r+t) + 
ertor—snerto(1 _ 


Then the diameter D of the composite, 


—) (1) 
180° 


sin? 
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which is also the inside diameter of the 
outer covering (neglecting clearances re- 
quired for assembly), may be expressed as 
follows in terms of 7, ft, and n: 


D=2S=2R'+-4r4+2 
= Orie 


; il : 
ortorsirro(1-—) (2) 
Sule ae 


The values of D for several sizes of | 
cable (with 4 to 12 ropes) are shown in 
Figure 3. 

A simpler approach is to assume that 
the centers of the ropes are on the cir- 
cumference of one circle of radius R. 
The circumference of this circle is 


QrR =n(2r-+1) 
whence 


(2r+1)* 
27 


Silt 


(3) 


The outer diameter of the array is taken 
as the diameter of this circle plus the 
diameter of a rope ar'd one thickness of the 
separator. Thus 


D=2R+2r+t 


(2r-+#) 
SS 


vi 


42r-4t (4) 


The closeness of this approximation 
when insulation thickness is small com- 
pared with the size of conductors is shown 
in Figure 3. These curves are based on 
theoretical values of r. In actual cases 
sizes may vary considerably because of dif- 
ferent stranding and cabling practices. 
The curves are within reason, however, 
and illustrate the effect of varying the 
amount and subdivision of copper area in 
this design, 


Electrical Characteristics 


INDUCTIVE REACTANCE 


The induced voltage in each rope is the 
line-to-neutral reactive drop. Using the 
method of counting flux linkages up to 
some distance u outside of the cable, the 
voltage induced in rope 1 per centimeter 
length is found to be 


E,-n=wil0*°X 


Aor oe | 
30 f nN hte dc ks et 


where a, is the distance between the cen- 
ter of rope 1 and the center of the mth 
rope and 7 is the current per rope. 


dg Q4 6 


uuu 


* More accurately, 


n—1 n—t1 


rae artt 
n n 
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Through the following eight simple 
transformations, we obtain the value of 
xX LL 


1. Change to common units of volts per 
foot (2.5412 multiplier). 


Line-to-line voltage E,,=2Ezy. 


Use w =2rf. 


2 

3. Total current J=n7/2. 

4 

5. Cancel the common » in the parentheses. 


6. Convert from natural to common 
logarithms. 

7. Coalesce 0.05 with the logarithmic 
term by use of conductor geometric mean 
radius GMR=r/0.78. 


8. Transform to reactance: X,,=E,,/I. 


Through these steps we obtain 


7.68fX 10-8 
pag eae eed x 


G204....Qn 


9.46 log 0.78raza. 


(5) 


+ On-1 
This cumbersome form was found (as 
shown in the appendix) to reduce to 
3.53fX 1076 
XyL= ee Xx 
4 
log gO a ohms per 1,000feet (6) 


This may be stated in terms of basic di- 
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= 
fo) 
NUMBER OF ROPES PER SIDE 
Figure 4. Inductive reactance at 10 ke 


versus number of ropes in three sizes of inter- 
leaved cable 
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mensions by substituting the value of R 
from equation 3. Then 


3.53f:10-* | 202r-+0) 
a 5 O.78r 


2CM/n 
~ (8) 
"=A1"3,000 
—6 
X= log sa( 1+ 


ohms line-to-line per 1,000 feet 


Xp= (7) 


1,000¢ 
Jun) 
(9) 
where 
f= frequency in cycles per second 
t=thickness of insulation between ropes 
n =the total number of ropes in the cable 


CM =circular mils of conductor in each elec- 
tric side of the cable; that is, half the 
total copper in the cable 


Equation 9 shows that the reactance is 
nearly inversely proportional to the num- 
ber of ropes per conductor, and only 
slightly dependent upon conductor dimen- 
sions. 

This relationship is illustrated in Fig- 
ure 4 at 10 ke for one thickness of sepa- 
rator, a range of common cable sizes, 
and two to six ropes per side. 


RESISTANCE 


No calculations have been made on skin 
effect or proximity effect of the array of 
conductors under discussion here. It is 
evident that the breaking up of the con- 
ductor and the interaction between ropes 
will produce a better distribution of cur- 
rent than in ordinary conductors, and so 
decrease the resistance. 

Tests have been made on 6-rope cables 
at high power levels with direct current 
and at 60, 890, and 9,600 cycles. The 
latter were rather crude and are included 
only because they furnish an “order of 
magnitude” value. More accurate tests 
are planned at various frequencies and 
with different cable sizes and numbers of 
ropes. 

From available tests, the approximate 
ratio of a-c resistance to d-c values are 
shown in Figure 5. 


CAPACITANCE 


The capacitance between the two elec- 
tric sides of the cable depends upon 
whether it is dry or filled with water. An 
estimate is made most easily under the lat- 
ter conditions, since the high dielectric 
constant of the water permits the first ap- 
proximate assumption that the voltage 
stress is distributed uniformly across the 
rubber separator whose perimeter is /. 
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This is the equivalent of a plate cap 
of width # and of length equal to the 1 
of the cable. 

Since the perimeter of the separat 
equal to that of insulators completely 
circling half the ropes, p = 2arnr/2 = 
the capacitance, therefore, is 


C=0.224kp/t=0.224krnr/t micromicro- 

farads per inch length (1 
where } 
¢t=thickness of the separator 


k=specific inductive capacitance of tk 
separator 


Taking k = 5 for a rubber insulator, usir 
a 1/16-inch thickness, changing to or 
foot of cable length, and substituting tk 
value of r from equation 8, we get 


C=0.34./nv/2CM micromicrofarads p 
foot of cable length 


Considering this as a lumped capacitane 


1 1 
~ 2nfe anf x0.34V nV 2CM 
0.47 X108 


megohm-feet of cable 


f{VnV2CM 
(1 


Figure 6 gives reactances calculate 
from this formula. 

An idea of charging current is obtaine 
by taking 500 volts across a 10-foot lengt 
of 6-rope 450,000-circular-mil cable a 
10 ke: 


500 X10 
20,000 


[= =0.25 ampere 


Although much greater than the charg 
ing current for ordinary cables, this is sti 
negligible. Tests indicate that this curren 
value is reduced by about ten in the dr 
cable. 


LEAKAGE LOSSES 


There are two causes of loss: 


1. Current through the water when th 
cable is water cooled. 


2. Dielectric losses in the rubber insulatior 


In the standard cable, the current has | 
direct path through the water in th 
“caps’’ of the two terminals. The d-c re 
sistance of these paths in parallel is abou 
6,000 ohms in good city water. This re 
sistance can be increased by special con 
struction if required. In dry cable th 
leakage resistance of a 6-foot long as 
sembly is about 300,000 ohms. 

The dielectric losses of insulation de 
pend, of course, upon the material used 
Neglecting losses in the water, a reason 
ably high value for present inferior insula 
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~ eP a om Dinas 
ich has been derived previously: 
0.10E? 


c 


Dielectric loss = (12) 
For example, in the typical case of a 10- 
Dot 6-rope 450,000-circular-mil cable, the 
dielectric loss at 500 volts, 10 kc will be 


STANCE RATIO Rac/Rpc 
w f 


‘4 


RES! 


1000 
_CYCLES PER-SECOND 


eee ee 


Figure 5. Approximate resistance ratio versus 
if frequency for 6-rope interleaved cable 


about 0.10 X 500 X 500/20,000 = 12 
watts. 

_ These losses are small enough so they 
can be neglected in most cases. 
Concuusion 

_ The electrical impedances of water 
cooled interleaved cables in the range of 
frequencies up to 10 ke are approximately 


: e 23L 
Zeeries =resistance ratioX——+ 


CM 
3.53fX10-9L 
_ 3.53f X x 
nN 
1,0008 
ee Edd lohms: (13 
og (1+ Vai *) (13) 
0.4710 
Peer 0g} ——-- ohms) (14 
Zonunt I it/ax/3CMt a 


where 

‘L=cable length in feet 

CM =circular mils of conductor in each elec- 
; trical side of cable 

f=frequency in cycles per second 

n=total number of ropes in the cable 
t=thickness of separator in inches 


As an example, when operating a 10-foot 
length of 6-rope 450,000-circular-mil cable 
at 10 ke, 


Zeeries = 0.0064-+70.0155, 
Zshunt a= 6,000 —j2,000 


If carrying 2,000 amperes at 500 volts, 
voltage drop = 12.8+ 731 = 33.6/168°, 
and leakage current = 0.1 +7 0.2 
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, is ten per cent of the charging current - 


} 
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- In this frequency range, leakage is unim- 
portant, and estimates may be made on the 
basis of equation 13. This is borne out by 
installations at 900 cycles and at 10,000 
cycles where production economy de- 
manded a flexible conductor. 

Any modification from the commercial 
6-rope cables, that are considered for the 
purpose of decreasing the voltage drop, 
must be viewed in the light of decreased 
flexibility because of larger diameter, and 
increased cost as a result of more difficult 
and nonstandard manufacture. . 


Appendix 


Another method of deriving equation 6 is 
through geometric means, that is, 


(é 
Tj=2in 2 


Gu (15) 


where 


L;,=inductance associated with the inner 
ropes 

Gip =geometric mean distance between all 
the inner ropes and all the outer ones 


Gi;=geometric mean distance of the inner — 


ropes with respect to themselves 


To state the G’s in terms of cable dimen- 
sions the simplest approach, suggested by 
H. B. Dwight, is to apply Guye’s theorem 
which states that for m points or circles 
spaced equally around a circular line of 
radius R, the geometric mean distance of 
one from the others is 


(16) 


(In this development, g is used for the 
distance from one rope to others, G denoting 
the distance between a group of conductors 
and others.) 

First consider the inner ropes, letting m 
equal the number of inner ropes. Then the 
geometric mean distance from one inner 
rope to the other inner ropes is 


1 
to =Rm™—* (17) 
To find the geometric mean distance of the 
complete array with respect to itself, we 
also refer to the well-known relation that 


for a circle 
gig =re—/4=0.78r =r’ (18) 


Then the geometric mean distance of the 
inner set of ropes is obtained from 


Gi” = 8iskit (19) 
1 m—1 
= Sha) 
=mr'R™—} (20) 


Having found the “‘self’”’ geometric mean 
distance Gi, we proceed to the “mutual’’ 
geometric mean distance Gjp between inner 
and outer wires. This is done indirectly 
(since Guye’s theorem gives a direct solution 
for arrays of equidistant points like . . 177. 


Zucker—Low Reactance Flexible Cable 


meth ; ae, & 


or . 
finding gi(i+0), the geometric mean distance 
from 7 to all other ropes, and then combining 
that with gz to obtain G;, from equation 
22. 
That is, using equation 16 with 2m=total 
number of ropes, 
rel 

Si(i-o) =R(2m)'""—* (21) 


Now because of the symmetry of the ar- 
ray, gi(ito) also could be obtained by the 
process 


gitt--o) = Vg" —'Go™ (22) 
which gives 
Gio =Bid-to) /ea (23) 


where Gi is the geometric mean distance of 
all the inner ropes with respect to all the 


1 6/53-6 
TOTAL NUMBER OF ROPES IN CABLES 
10 


OHMS PER 1000 FEET 


| 2 3 4 5s 6 
NUMBER OF ROPES PER SIDE 


Figure 6. Calculated capacitive reactance at 


10 ke versus number of ropes in three sizes of 
interleaved cable 


outer ones. Substituting equations 17 and 
21 in equation 23, 
coe ee, 
Gio™ = R(2m)*"™—"/Rm™—* 
=2mR™—*/mR™"—* 


=2R”™ (24) 
Combining equations 24 and 20, 
Gio ie 2R™ 
Gi ~ mr'R™—} 
3k es) 
mr 
Gio 2R 
ln— =ln— 26 
ast Gi ene’ ue 
Since m=n/2, 
Gig *22-4R 42" 4R 
= —— 27 
ee nmr n0.78mr 2D 
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1OST MEN associated with resist- 
ance welding machines are con- 


scious of the fact that the introduction of © 


magnetic material into the throat of such 
equipment causes a reduction of the weld- 
ing current. The degree of reduction 
and simple mathematical tools for esti- 
mating it are contained in this paper. 

Steel sheets and products fabricated 
from them constitute the majority of 
welding applications. It was of interest 
to determine the effect on the welding 
current by changing 


1. The thickness of the sheets. 


2. The length inserted into the welder 
throat. 


3. The position in the welder throat. 
4. The width of the sheets. 


5. Theactual current used for welding. 


All of these factors could react to reduce 
the welding current, some more severely 
than the others. 

The change in welding current was 
evaluated by measuring the reactive and 
resistive voltage components caused by 
the steel sheets in the welder throat. 


Paper 46-137, recommended by the AIEE commit- 
tee on electric welding for presentation at the AIEE 
summer convention, Detroit, Mich., June 24-28, 
1946. Manuscript submitted March 11, 1946; 
made available for printing May 14, 1946. 


J. J. Rivey and C. E. Smiru, a chief electrical engi- 
neer, are both of the Taylor-Winfield Corporation, 
Warren, Ohio. 
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These voltage components in combination 
with the short-circuit impedance con- 
stants of the welding machine provide 
the necessary information. 

Consequently, with a knowledge of 
these impedance constants and the nomo- 
gram indicating the effect of steel, it is a 
brief routine operation to calculate the 
change in welding current caused by the 
insertion of magnetic material into the 
secondary welder loop. 

The apparent loss of current arises 
from the more intense magnetic field or 
increase in flux linkages and from the 
core loss resulting as heat generated in 
the steel sheets, a natural consequence of 
being subjected to an alternating mag- 
netic field. Some effort was directed 
toward determining the magnitude and 
distribution of these flux linkages so that 
a better basic understanding of the in- 
fluence of magnetic materials could be 
realized. 

The magnitude of the magnetic field 
produced in the welder throat will de- 
pend primarily on the welding current. 
It is realized that a wide range of welding 
current can be used to make spot welds 
in mild or low carbon steel. The desirable 
maximum and minimum points of this 
tange, together with other associated 
welding variables, are given in Table I. 
Figure 1 summarizes the welding variables 
for seam welding of low carbon steel. 


Using equation 26 in equation 15, we find 
that 


4 
L,=-Iln abhenries per centimeter (28) 
n 


R 
0.78nr 


Appropriate changes to practical units and 
conversion to reactance produce equation 6. 
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_ jection welder. 


cabal os Meee nee as a. a spot 
A cross sections 
along the length of the welder 
shown in Figure 3. Area and 
of the current carrying members 
at different lengths in the welder t 


Procedure 


It was desirable to make the necessai 
electrical measurements while | 
actual welds with the steel sheets ir 
serted in the welder throat. Howeve 
the slight distortion of the current way 
form caused by the volume of steel adde 
to the circuit and the attempt to acct 
rately read the small changes in power fac 
tor from a watt-galvanometer oscillc 
graphic trace made it imperative to sepe 
rate the resistance caused by making 
weld from the resistive component cause 
by the presence of steel sheets. It wa 
evident that the welding resistance R 
was much larger than the resistive com 
ponent R,,, especially in thin sheets. 


MEASUREMENT OF WELDING RESISTANC 
Ry 


The welding resistance R,, is the resist 
ance from electrode to electrode acros 
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Figure 1. Low carbon steel seam weldin 
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the work pieces when welding small cou- 
ons. It is the resistance added to the 
electrical circuit by welding operation it- 


— 


self and is independent of steel that ex- 
tends into the welder secondary loop. 
Ry differs from the resistance R used in 
making the weld by that energy or heat 
that is dissipated into the work pieces 
and at the electrode faces. 


: 
a 


Expressed mathematically 


Energy for welding =/?Ri-+-losses 
2 =PRyt 


ie 
where 


_I=welding current 

't=time of current flow 

R=resistance used for welding 
_Ry»=effective resistance present to the 
; flow of welding current caused by 
welding 


_ The value of R, is the important quan- 
tity in welder operational characteristics, 
and it is fortunate that it can be meas- 
“ured easily while R is impossible to de- 
termine accurately. 

The resistance R,, was measured when 
making a weld in small coupons by taking 
the voltage drop across the two electrodes 

at two points as close to the weld as pos- 
sible and dividing this voltage by the 
secondary current. When welding stain- 
less steel, the drop from the top of one 
sheet to the bottom of the other one 
(sheet to sheet resistance, V2) also was 
measured. A schematic diagram of the 
setup is shown in Figure 4. The inductive 
pickup was minimized by carefully twist- 
ing the voltage leads together and holding 
them perpendicular to the electrodes. 

Simultaneous oscillographic records 
were taken of the voltage drops, primary 
current, and watts. The primary current 

_ was converted into the secondary or weld- 
ing current by multiplying by the turns 
ratio of the welding transformer. The 
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magnetizing current was neglected being 


~ Jess than two per cent in the most exag- 


gerated case. 

The variations of R, with time during 
spot welding for several thicknesses of 
low carbon steel with different combina- 
tions of welding variables is shown in 
Figures 5 and 6. A less comprehensive 
picture of the variation of R, with time 
for austenitic stainless steel is shown in 
Figure 7. A similar set of data for seam 
welding low carbon steel is presented in 
Figure 8. By selecting average values 
of R,, for spot welding low carbon steel 
and stainless steel under the conditions 
specified by Table I and Figure 2, the 
variation of R, with sheet thickness re- 
sults as shown in Figure 9. 

The mild steel used in this investiga- 
tion was covered with a slight film of oil 
to prevent rusting, being previously hot 
rolled and pickled. Before welding the 
steel was wiped with a clean rag to re- 
move any dirt that accumulated during 
storage. The surface was still percep- 
tibly oily after wiping. This type of sur- 
face condition, most often used in produc- 
tion applications, increases R, beyond 
that expected from degreased sheets. 


Measurement of Resistive Voltage 
Component, V, and Reactive 
Voltage Component, V,, Caused 


by the Insertion of Magnetic 


Material'or Steel into the Welder 
Throat 


These voltage increments were meas- 
ured without involving the welding re- 
sistance R,,. A hole two inches in diame- 
ter with its center two inches from the 
front edge and midway across the width 
was drilled in two equal thicknesses of 
steel sheet (Figure 10). The sheets were 
insulated from each other by a sheet of 


Figure 3. Side view of welder throat construc- 
tion showing copper and copper-alloy current 
conducting members 


Figure 4. Electrode setup for measurement of 
welding resistance and sheet-to-sheet resistance 


Welding resistance Rp =— 


V. 
Sheet resistance R;,= = 


paper, inserted in the welder throat mid- 
way between the welder horns, and locked 
in position with wooden blocks in order 
to counteract the magnetic force when the 
welder current was applied. A water- 
cooled copper tube was inserted through 
the hole in the sheets and connected to 
the welder horns. With the steel in place, 
the current necessary to make a weld and 
form an equivalent magnetic field was 
passed through the secondary circuit of 
the welder. A magnetic contactor, manu- 
ally controlled, allowed interruption of 
the current whenever desired. The fre- 
quency of the applied voltage was 60 
cycles per second. 

Electrical values were measured using 
instruments equipped with pointer stops 
and capable of reading the rms values of 
distorted wave forms. Readings were 
taken of primary voltage, primary cur- 
rent, primary power, welder transformer 
turns ratio, and depth of steel in welder 
throat. 

The steel sheets were prepared initially 
to extend the maximum depth into the 
welder throat. After each set of measure- 
ments six inches would be sheared off the 
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Data Common t to All Classes is ise ence ve 


Notes: | 
Hi; Type of steel SAE 1010. 
2. Material free from grease, scale, and dirt. 


3. Welding conditions determined by thickness of thinnest outside piece T. 
4, Data for total thickness of pileup not exceeding 47. 
5. Minimum spacing is that spacing for two pieces for which no special precautions are necessary to compensate for shunting of pi finer welds, For 


increase spacing 30 per cent. 


6. Electrode material, class 2, minimum conductivity, 75 per cent copper; minimum hardness, 75 per cent rockwell B. 
7. Weld times from 1 to 30 cycles consisted of a single impulse, 
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previous length until five inches ex- 
tended into the welder throat. 

The short-circuit constants or welder 
electrical constants without any steel 
in the welder throat but with the proper 
horn spacing were checked after each set 
of measurements. The resulting values 
of impedance, reactance, and resistance 
referred to the secondary side are desig- 
nated as Z,, X,, and R,, respectively. 

The values of the voltage components 
caused by the addition of steel in the 
welder throat were determined in the 
conventional manner (Appendix I), The 
voltages V,, and V,, are the resistive 
and reactive components referred to sec- 
ondary circuit. 

These components are plotted for sev- 
eral thicknesses of sheet and different 
horn spacings in Figure 11. The compo- 
nents were the same for 8- and 16-inch 
horn spacing within the accuracy of meas- 
urement. The effect of sheet width on the 
voltage components is shown in Figure 12. 
The change of resistive and reactive volt- 
age components with welding current 
for one gauge of sheet is illustrated in 
Figure 13. 

In order to establish the extent to 
which cold-working the austenitic stain- 
less steel made it magnetic because of the 
formation of small areas of the metallur- 
gical constituent ferrite, two sheets of the 
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largest thickness available were checked 
at various dimensions in the welder throat. 
Values of V,,; and V,, are shown in Figure 
14, 


Measurement of Flux Patterns 


While the absolute values of resistive 
and reactive voltage components caused 
by steel in the welder throat are the work- 
ing tools in electrical characteristics cal- 
culations, a study of the changes in flux 
and flux pattern in the welder throat cir- 
cuit is most beneficial to understanding 
the phenomenon and applying an engi- 
neering analysis to the problem. 

The flux was measured by evaluating 
it from the voltage induced in a search 
coil. The method used for calculating 
flux from the induced voltage is described 
in Appendix III. In all tests two equal 
thicknesses of steel sheet 12 inches long 
were placed in the welder throat so that 
the front edge was two inches from the 
edge of the shorting bar, and the width 
was distributed equally on each side of 
the horn center line. The influence of the 
width of the sheet on the variation of 
maximum flux density along width of the 
sheet is shown in Figure 15. 

As saturation of the low carbon steel 
sheets would occur at flux densities of 
approximately 125,000 lines per square 
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3,450. .11,400. .0.33 
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from 32 to 60 cycles consisted of two equal impulses, and from 63 to 90 cycles consisted o 


9,000. .0.26. 
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inch, it is obvious that the normal wel¢ 
ing current saturated the sheets at tk 
center, or midway between the curren 
carrying conductors. In order to deter 
mine how much the welding current coulc 
be decreased before the steel directly b 

tween the conductors would not satu 
rate, two of the thickest sheets used in pas 
work were subjected to different current: 
and the maximum flux density measurec 
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Figure 5. Variation of welding resistance 
with time in spot welding low carbon steel 
sheet 


A, B, and C refer to classes of welds 
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Figure 7. Variation of welding resistance and 
sheet-to-sheet resistance with time in spot 
welding austenitic stainless steel sheet of 
‘ half-hard temper 


- 


Ss 


‘(Figure 16). The thickest sheets were se- 

‘lected for this test as the ratio of welding 
current to sheet thickness decreases with 
increasing sheet thickness. Saturation 
still exists at the lowest value of current 
selected 


Results 


WELDING RESISTANCE RF, 


_ The welding resistance R, consists of 
two main components 


1. The resistance from electrode to sheet. 


2 The resistance from sheet to sheet. 


The first component consists primarily of 
contact resistances. The second compo- 
nent consists of a contact resistance be- 
tween the sheets and the resistance of the 
sheets themselves. From the test re- 
sults on spot welding stainless steel in 
which these components were measured 
individually, it is notable that the resist- 
ance from sheet to sheet is approxi- 
mately only 40 per cent of the eotal lt 
is expected that a similar relationship 
also would prevail for mild steel. Some 
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past investigations?! have indicated 
this approximate relationship. It is evi- 
dent that the contact resistance between 
electrode and work piece is an appreciable 
part of the welding resistance and causes 
considerable heat generation at the elec- 
trode faces. Such being the case, it is 
very essential to cool the electrodes ade- 
quately in spot welding to prevent ex- 
cessive deformation and to have the data 
apply. 

While it is instructive to determine the 
components of the welding resistance R,, 
individually, the basic effect on the elec- 
tric circuit is summarized in the value of 
R,. From past experience it would be 
anticipated that R, would be a function 
of the current density at the electrode 


the electrode face. As the variation of 
R,, with time could not be related satis- 
factorily to these two factors, average 
values of R, were selected from Figures 
5 and 6. Using these values and the asso- 
ciated data contained in Table IV, the 
following empirical relationship was de- 
_termined for spot welding low carbon 
steel: 


(D15+-1.7) 


Ry = 333 
PP? 


where 


R,, =welding resistance in microhms 
D=current density in (amperes per square 
inch) X1075 
P=pressure in (pounds per square inch) X 
Ome 


The agreement between the calculated 
and measured values of R, also is shown 
in Table IV. The equation gives passable 
results and point out that the heat gen- 
erated in welding increases more rapidly 
than the square of the current, and re- 
duction in electrode force causes appre- 
ciable increase in welding resistance. 

In the empirical equation for R,, the 
resistivity of the steel is not shown explic- 
itly. However, it is erroneous to assume 
that the resistivity has no effect on weld- 
ing resistance. In spot welding stainless 
steel, the values of R,, are considerably 
larger than those for mild steel of like 
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Figure 8. Variation of welding resistance 
with time in seam-welding low-carbon steel 
sheet 
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Figure 9. Variation of average welding re- 
sistance with thickness of sheet in spot welding 


12.3 and 73 microhms per centimeter 
cube, and surface condition between com- 
mercial hot rolled pickled and oiled mild 
steel and bright finished stainless steel, 
account for the marked differences in 
welding resistance between these mate- 
rials. 

The values of welding resistance in 
seam welding should depend on the same 
factors as in spot welding but the differ- 
ent nature of the electrode contact area 
while welding and the shunting effect of 


gauges. The difference in resistivity, 
Table Il. Materials Used in Welding Investigation 
Approximate Chemical Composition Ultimate Tensile 
Strength, Lbs 
Type of Steel Cc Si Mn Cr Ni Pp Ss Per Sq In. 

Commercial-quality cold- ; 

rolled steel sheet..........- QUOS io On Sate OvOOle, cece yeuateluensheloinelea’ OCOT  rOOL Sanne 45,000 
Austenitic stainless steel, 

half-hard temper........--- ORLOB0S50) oy. Pat Sel T Sek 63 rps0 0051.0 008). estar 160,000 
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Figure 10. Circuit for measuring impedance 
of steel work pieces inserted in welder throat 


the previous welds in a pressure tight 
seam cause deviations from the values of 
R, measured in spot welding. It was 
rather surprising to discover that both 
the welding resistance R, and the sheet 
to sheet resistance R,, were almost equal 
in the range of thicknesses from 0.060 to 
0.120 inch. 

The emphasis on the determination of 
welding resistance was justified entirely 
as the resistive voltage component caused 
by it is of much greater magnitude than 
the resistive voltage component V,, 
caused by the eddy current loss in the 
steel sheets inserted into the welder 
throat. If this factor were assumed care- 
lessly, the final application of the data of 
V,; would have given avoidable errone- 
ous results. The values of R,, are so high 
in some cases that many resistance weld- 
ers in operation today probably are func- 
tioning at higher power factors than nor- 
mally assumed. 


THE REACTIVE VOLTAGE COMPONENT 
Vz; AND THE RESISTIVE VOLTAGE Com- 
PONENT V,, CAUSED BY THE PRESENCE 
OF STEEL IN THE WELDER THROAT 


Engineers making electric circuit cal- 
culations are familiar with the procedure 
of considering a resistance welder sec- 
ondary loop in terms of reactive and re- 
sistive impedance constants. These are 
combined with impedance values evalu- 
ating the welding effect and the totals 
placed as the loaded secondary circuit of 
the welder transformer. This procedure 


Table Ill. Impedance of Welding Machine 
and Welding Transformer at a Frequency of 
60 Cycles Per Second 


=e 


Horn 

Spac- Throat Impedance Reactance Resistance 
ing, Depth, Zo, 0» Ro, 

Inches Inches Microhms Microhms Microhms 


Note: There is no measurable change in impedance 
constants at secondary currents of 10,000 and 20,000 
amperes. 
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components opposing the applied second- 


ary voltage of the transformer. These 


voltage components are almost independ- 
ent of current over the normal welding 
range (Figure 14). Thus 


ee 2= 1X, = G V,,=IR,= QC, 


Consequently, if ohmic values of react- 
ance and resistance are desired to express 
the presence of steel in the welder throat, 
the values must be selected in combina- 
tion with the welding current to give the 
correct voltage drop. 

Saturation of the steel sheets by the 
welding current is the prime reason why 
V,s; and V,, remain almost independent 
of current. An elementary study of the 


flux changes in the steel sheets is instruc- 


tive in pointing out the limitations of the 
data. 

The magnetic field in air betwen two 
parallel conductors is shown in Figure 17. 
This field will be distorted when steel 
sheets are added, but the flux still will 
concentrate at the section of steel directly 
between the conductors. It must be 
realized that the effect of the steel sheets 
in distorting the air flux field as well as 
the effect of causing more flux linkages 
have been combined to evaluate V,, and 
V,s. In other words, the values of welder 
shortcircuit impedance constants X, and 
R, have been assumed constant in spite of 
the air field distortion and the higher 
harmonics in the welding current caused 
by the presence of steel sheets in the 
welder throat. This assumption is valid 
providing V,, and V,, do not become too 
large a part of the applied secondary volt- 
age as will be the case in most welder 
secondary circuit construction. 

The steel sheets are saturated by the 
magnetizing force caused by the welding 
current. The relationship of welding 
current, flux, induced voltage, and the 
flux-current curve for a specific thickness 
and length of steel are shown diagram- 
matically in Figure 18. As the welding 
current increases, the flux hardly in- 
creases as the intrinsic flux density B,- 
(B—yp,H=B;) has reached its limiting 
value.* The area of the induced voltage 
curve is a measure of the maximum flux, 
and as the maximum flux under saturated 
conditions will be almost constant the av- 
erage value of induced voltage will be al- 
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EL ee eet with the we ding cur- 
rent. The effect of steel in the throat is 
to produce reactive and resistive voltage - 
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steel in the welder throat with dis 
throat — wags 


A and C. Two pieces 0.119 inch ¢ thi c! 
18,000 amperes e 
B and E. Two pieces 0.090 inch © thie 
15,000 amperes 
D and G. Two pieces 0.060 inch thicl 


12,000 amperes a 
F and H. Two pieces 0.032 inch thi dl 
8,300 amperes 
Duplicate results for 8-and 16-inch horn spa 
ings 4 


most constant. The effect of change - 
welding current should be to change tl 
wave form of flux and the wave form c 
the induced voltage. In circuit calcu 
tions it is the effective value and not th 
average value of induced voltage tha 
must be investigated. The measurement 
indicated that both the effective and ay 
erage values of induced voltage staye 
almost constant, in spite of change o 
welding current. In order to have thi 
condition prevail with such wave form 
of induced voltage as recorded, it is nec 
essary to have the flux current relation 
ship change with different magnetizin, 
forces. 

The value of V,, is proportional to th 
increase in length of steel in the welde 
throat. Under saturated conditions th 
maximum flux density is constant, anc 
the increase in induced voltage is the re 
sult of the increase in flux caused by th 
increase in cross-sectional area provide: 
by the additional length for a specifi 
thickness. 

Horn spacing or the distance betwee 
the throat bars does not influence Va 
appreciably. The steel sheets becom 
saturated at any specific position inalmos' 
the same length of time from the zere 
point of the current wave. There is ne 


* The intrinsic flux density Bi is a measure of tha: 
part of the flux density attributable to the ferro 
magnetic characteristic of the material. When thi 
material becomes saturated, it can make no furthe: 
contribution to the flux density. As the mag 
netizing force H is increased beyond the valu 
which saturates the material, the slope of th 
B-H curve becomes po, the permeability of fre 
space, and B; becomes constant. 
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Figure 12. Variation of reactive and resistive 
voltage components with distance in throat and 
. width of sheet 


A, B, and E. Reactive voltages for two pieces 
0.118 inch thick and widths of 36, 18, and 
4 9 inches, respectively 


F, J,andL. Resistive voltages under the above 
J conditions 
C, D,and G. Reactive voltages for two pieces 


0.090 inch thick and widths of 36, 18, and 
4 9 inches, respectively 

H, K, and M. Resistive voltages under the 
a same conditions 


’ 
Z 


Deca to have the sheets equally spaced 
between welder horns to have the data 
apply. 

It might be anticipated that V,, would 
be independent of the width of the steel 
‘sheet if the steel were saturated at the 
‘section under the center line of the welder 
horns and thus limited the flux. By con- 
sidering the air flux pattern, it is clear 
that narrow sheets will coerce less flux 
lines to enter the sheet than wide ones. 
‘As the current and magnetizing force 
change with time in the normal periodic 
‘manner, the flux will follow a similar pat- 
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Figure 13. Variation of reactive and resistive 

voltage components with distance in throat and 

welding current. Two pieces of low carbon 
steel 0.118 inch thick and 36 inches wide 


A and F. 19,000 amperes 
B and E. 15,000 amperes 
C and D. 10,000 amperes 
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tern. As the saturation density is 


reached the preference for flux to pass into 
the sheet is eliminated. However, with 
narrow sheets it takes a longer period of 


time of a half-cycle of current flow to 


reach the saturation density. The result- 
ing induced voltage is smaller as the rate 
of change of flux with time is smaller. 
It would be anticipated that after a cer- 
tain width of sheet is reached, greater 
widths would cause negligible increase. 
This factor is associated with the dis- 
tance between throat conductors or horn 
spacing and shape of conductors. The 
correction factors in Figure 20 are based 
on 8-inch horn spacing. 

Austenitic stainless steel is considered 
nonmagnetic, but cold working the steel 
causes the formation of small areas of 
iron or ferrite. These areas of ferrite 
would certainly reach saturation under 
the magnetizing force caused by the weld- 
ing current. However, for the half-hard 
condition, the resulting values of V,,; 
and V,, are small. The full-hard condi- 
tion would have raised V,, and V,,. A 
word of caution is advisable in considering 
the magnetic effect in stainless steel. 
Those which are austenitic can be con- 
sidered nonmagnetic for all practical 
purposes. However, those which are 
ferritic will be magnetic and should be 
considered having effects similar to mild 
steel. 

The resistive voltage component multi- 
plied by the secondary current represents 
the real power or core loss in the steel 
sheets. The great thickness of the sheet 
implies that the principle loss will be in 
the form of eddy currents. In the meas- 
urements, one steel sheet was insulated 
from the other, which means that the 
eddy currents would reach their maximum 
value near the outer surfaces of the sheets. 
If the sheets were in such intimate con- 
tact that the contact resistance between 
them could be considered zero, the re- 
sistive voltage component would increase 
theoretically to four times its former 
value. In most welding conditions the 
first case is more likely to exist than the 
second one, although some discretion 
should be used in applying the data. 

The resistive voltage component caused 
by the presence of steel in the welder 
throat is normally a small part of the to- 
tal resistive component composed also of 
the welder component J,R, and the com- 
ponent finished by the welding resistance 


I,Ry. 
Application of the Data 


After making an analysis of the data 
and the limitations imposed upon them, 


Riley, Smith—Influence of Magnetic Materwals 


SS 

ie eae ee 

5 ie) 15 20 25 30 eis) 
DISTANCE IN THROAT — INCHES 


REACTIVE AND RESISTIVE VOLTAGE 
COMPONENTS Vys AND Vrs IN VOLTS 


Figure 14. Variation of reactive and resistive 

voltage components with distance in throat for 

two pieces of austenitic stainless steel 0.109 

inch thick, 24 inches wide and _half-hard 
temper 


it was desirable to compile these data 
into usable form. The values of V,, and 
V,; in Figure 11 were examined. By 
drawing straight lines for the V,, varia- 
tion with length, the empirical formulas 
and the resulting nomogram shown in 
Figure 20 were derived. The value of 
V,; does not include the effect of welding 
resistance. The correction for width was 
obtained from Figure 12. The correc- 
tion for difference in welding current from 
the base current was obtained from Fig- 
ure 13. 

The nomogram can be used for either 
spot welding or seam welding. For this 
reason, the effect of welding resistance is 
not included. The value of resistive 
voltage caused by the welding resistance 
can be selected from Figure 19. It is ad- 
visable to compare the desired welding 
technique with the technique outlined in 
Table I and Figures 1 and 2 so that a sat- 
isfactory choice of welding resistance 
voltage can be made. 

Two examples of application of the 
data are shown in Appendix IT. 


Conclusions 


1, The steel plates inserted in a welder 
throat will be saturated by the magnetic 
field produced by the welding current under 
normal conditions of operation. 


2. The effect of the presence of steel plates 
(magnetic material) in the welder throat is 
measured best by expressing it as a reactive 
and a resistive voltage component. These 
voltage components are almost independent 
of welding current over the normal spot 
welding range. 


3. The normal procedure of expressing the 
electric circuit of a welder in terms of resist- 
ance and reactance should be altered when 
the effect of steel plates is included. The 
circuit should be expressed in terms of re- 
active and resistive voltage drops, only some 
of which will be proportional to the current. 


4. The effect of welding resistance and its 
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Table IV. Comparison of Calculated and Measured Values of Welding Resistance and Fac- 
tors Affecting Welding Resistance 
en) ae ee eee ee 


Welding Resistance Rw, 
Thickness of Welding Electrode Force Density, odes: eer ogal Microhms 
i Cc nt, Force. Pounds Per iloamperes Per 
Merah hiaseree Pounds Square Inch Square Inch Measured Calculated 


resulting voltage component is normally 
larger than the resistive voltage component 
caused by the presence of steel sheets for 
gauges less than 0.125 inch. As the thick- 
ness increases the effect of welding resistance 
voltage drop decreases and the resistive ef- 
fect of the sheets becomes the predominating 
factor. 


5. The effect of magnetic material in the 
welder throat is a function of the thickness 
and width of the sheets and of the secondary 
circuit constants of the welder. Resistance 
welders with large horn spacing are less in- 
fluenced than welders with small horn spac- 
ing for the same throat depth. In other 
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14 16 18 20 


Figure 15. Variation of maximum flux density 
with distance from center line of electrodes at 
right angles to the welder throat 


A, B, and C. Sheets 0.120 inch thick and 9» 
18, and 36 inches wide, respectively, at 
18,000 amperes 
DandE. Sheets 0.090 inch thick and 18 and 
36 inches wide, respectively, at 15,000 
amperes 
Fand G. Sheets 0.032 inch thick and 18 and 
36 inches wide, respectively, at 8,300 amperes 
H. For magnetic field in air at 17,500 amperes 
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words, the larger the secondary voltage to 
supply a necessary welding current, the less 
the influence of the constant bucking voltage 
caused by the steel sheets. 


Appendix |. Determination of 
V,, and V,, from Instrument 
Readings 


Vp=primary voltage, volts 

I,=primary current, amperes 

W,=primary power, watts 

1=depth of steel in throat, inches 

a=transformer turns ratio 

V,=secondary voltage, volts 

I,=secondary current, amperes 

W,=secondary power, watts 

Zp =impedance referred to primary winding, 
ohms 

Rp =effective resistance referred to primary 
winding, ohms 

Xp =reactance referred to primary winding, 
ohms 

R,=impedance referred to secondary wind- 
ing, ohms 

R,=effective resistance referred to second- 
ary winding, ohms 

X,=reactance referred to secondary wind- 
ing, ohms 

Z,=impedance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

Xs=reactance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

R;=resistance (for a specific current) of 
steel sheets referred to secondary 
winding, ohms 

V;s=resistive voltage component caused by 
steel sheets, volts 

Vzs=reactive voltage component caused by 
steel sheets, volts 

Z,=impedance of welder secondary circuit 
under short-circuit conditions, ohms 

X,=reactance of welder secondary circuit 
under short-circuit conditions, ohms 

Rg=resistance of welder secondary circuit 
under short-circuit conditions, ohms 


Zp= Vp/Ip =0(Z,+-Z;) (1) 
2, =(Zp/a*) —Z, (2) 
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DISTANCE IN INCHES 
Figure 16. Variation of maximum flux densi 
with distance from center line of electrodes 
right angles to the welder throat and wi 
welding current for two pieces 0.120 inc 
thick, 36 inches wide 


A. 18,500 secondary amperes 
B. 14,400 secondary amperes 
C. 10,000 secondary amperes 


Rp = Wp/Tp? =a2(Ro+Rs) (« 
Rs=(Rp/a?) — Ry (4 
Xp=V Zy?—Ry?=0(X+-X3) : 
X,=X,/a?—X, (¢ 
I,=1,(a) ¢ 
Vre=1;Rz (t 
Xzs=1,X; ( 


The foregoing equations are used for tk 
calculations of two sheets 0.118 inch thie! 
18 inches wide, and inserted 35 inches in tt 
welder throat. 


a=52 
Xo =268 X107§ ohm 


Figure 17. Graphical flow map of magnet 
field in air between two parallel conducto 
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Figure 18. Schematic diagram of induced 
voltage, welding current, and flux in a satu- 
= rated steel sheet 


: V 
z 
7 


R,=54X1076 ohm 

2=273 X10-§ ohm 

Zp =375/349 

4 = 1.075 ohms 

Zs =1.075/(52)?—273 X 10-8 

4 *=128X10- 6 ohm 

Ry =26,700/(349)? 

_ =0.219 ohm 

R, =0.219/(52)?—54 10-6 

/. =27X 1076 ohm 

‘Xp =V (1.075)? — (0.219)? 
=1.05 ohms 

X,=1.05/(52)?—268 X 10-6 

- =121X10-¢ ohm 

T,;=349(52) 

_ =18,100 amperes 

Vs=18,100(27 X10-) 
=0.488 volt 

Vrs =18,100(121 X 10-8) 

- =2.19 volts 


Appendix Il. Applying Data to 
Specific Problems 


Problem 1 


Find the increase in secondary voltage 
necessary to maintain 18,000 amperes 
welding current in spot welding two sheets 
0.120 inch thick and 36 inches wide when one 
inch and then 36 inches is inserted in the 
welder throat. Welder short-circuit con- 
stants are 


Zig 273 x LO=* ohm 
X,=268X107* ohm 
R,=54X10-* ohm 


From Figure 20 
I, Ry =1.26 volts 
From Figure 21 


V,; =0.86 volt 

Welder resistance drop =/;Ry 
= (18,000) (54 X 107°) 
=0.97 volt 
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Total resistive voltage drop = V, 


=3.09 volts” 


Welder reactance drop =J X, ia 


= (18,000) (268 X 10~*) 
=4.82 volts — 


From Figure 21 
Vas =2.87 volts 


Total reactive voltage drop V, =7.69 volts 
Adding vectorially, V,+V,=V 


Vi=V VP+V23 
= 8.3 volts at 36 inches 
Voltage at start (one inch in throat) in 
which V,;; and Vz, are not effective 
= 5.32 volts 
Increase in voltage =8.3 —5.3 
=3.0 volts 


Problem 2 


The question is the same as in problem 1 
except that the sheets are 18 inches wide, 
welding current is 10,000 amperes. The 
sheets are welded in the same welder. 
From Figure 20 


I,Ry=1.23 volts 
From Figure 21 
V,;=0.86 volt 


From this same chart this value must be 
corrected to 


Ki V;3=0.65 (0.86) 
=0.559 


because the sheet is only 18 inches wide. 
This value should be corrected further for 
change in base current, K;=1.05. 
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VOLTAGE ACROSS ELECTRODES IN VOLTS 


©6030. 050 070 09010 
THICKNESS OF EACH PIECE IN INCHES 
Figure 19. Resistive voltage drop across the 
electrodes caused by the welding resistance 
when welding small coupons 


K,- K3- Vs = (0.65) (1.05) (0.86) 


= 0.587 volt 

Welder resistance drop =1;R, 
= 10,000(54 10-8) 
=0.54 volt 

Total resistive voltage drop = V, 
=2.36 volts 


Figure 20. Reactive and resistive voltage 

components caused by two thicknesses of 

low carbon steel 36 inches wide in welder 
throat | 


VALUES REFERRED TO SECONDARY CIRCUIT 
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hp 


Welder reactance drop =1,X> 
= 10,000 (268X107 §) 
=2.68 volts 


From Figure 21 


K- Ke: Vz3=0.84 (0.94) (2.87) 
=2.27 volts 
Total reactive voltage drop =4.95 volts 
V,=5.48 volts at 36 inches 
Voltage at start (1 inch in throat) in which 
Vrs and Vz, are not effective =3.21 
volts 
Increase in voltage = 5.48 —3.21 
=2.27 volts 


Appendix Ill. Determination of 
Flux and Flux Density From the 
Induced Electromotive Force or 


Voltage Wave 


Basically 


do 
=-—n@ 10-8 
: dt 


where 


N=number of turns on search coil 
e=instantaneous voltage, volts 


2 =rate of change of flux with time 


¢=flux, maxwells or lines 
t=time, seconds > 


The integral J; *e dt represents the average 
voltage over the time interval considered. 
When the maximum value of flux is desired, 
as it was in this work, it is necessary to 
measure the area under the voltage wave e 
for one-half cycle by means of a planimeter, 
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A.C. INPUT 
VOLTAGE 


Figure 21. Rectifier unit for converting a-c 
input voltage to average direct voltage 


A. D-c millivoltmeter, 1,000 millivolts, full 
scale, 5,000 ohms resistance 

B. 6H6 tube 

C. 100,000-ohm resistor 


divide it by two, and substitute in the ex- 
pression 


¢a(flux in lines or maxwells) = 


area of one-half of voltage wave in 
square inches 


number of turns on search coil 
ts\* ds \* 

vel s\*" catia s 108 

inch inch 
The maximum flux density By is found by 
dividing the flux by the area of steel that the 
coil encloses. This assumes that the flux is 
confined entirely to the steel or that the mag- 


netic field in air is small compared to the 
magnetic field in the steel sheets. 


where 


A =area in square inches 
By,=maximum flux density in lines per 
square inch 


* These are calibrations measured from the oscillo- 
gram of the voltage wave. 
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A direct reading meter can be made 
evaluate (f/%e.dt or the average vol 
It was possible to measure this integral 
determination of ¢m by using a bridge-t 
full-wave rectifier (Figure 22) and suita 
d-c meter. The rectified direct voltage 
approximately 1/20 of the alternating v 
age input. A search coil of ten turns 
number 22 wire was used with the in 
ment setup. 


ve 


240N 


om = 108 


a ee 


where ¢ 


ih i 
pap one fourth of a eycle of a 60-cycl 


system 
Eayg =average volts 
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Summer Convention. With a registration 
of 800 for the first day, the summer con- 
vention gets under way in Detroit, Mich., 
as this issue goes to press. Full details of 
convention activities will appear in the 
August issue of Electrical Engineering. 


Pacific Coast Convention. A full postwar 
program of eight sessions, plus entertain- 
ment, sports, and inspection trips, is 
planned for the Pacific Coast convention 
which will be held in Seattle, Wash., August 
27-30, 1946. In anticipation of the con- 
tinuing shortage of hotel accommodations, 
members desiring to attend should make 
hotel reservations immediately (pages 
329-30). Complete details of the program 
will appear in the August issue of Elec- 
trical Engineering. 


Control Councilin Germany. The chief - 


weakness of American policy in Germany 
“fs the basic folly of the Potsdam Declara- 
tion and the unstable organization with 
which itis being implemented.” This is the 
conclusion reached by AIEE Past President 
C. A. Powel who recently spent nine months 
in Germany as a member of the Allied 
Control Commission. As an alternative 
Mr. Powel proposes the adoption of the 
program devised by the engineering society 
presidents, a plan which would render 
Germany helpless to wage war but which 


would not impair her standard of living 
( pages 306-09). 


Engineersand Management. In general 
the engineer in his relationship as an em- 
ployee is*well trained to handle the engi- 
neering aspects of his job and so he finds 
that his problems are typical employee 
problems whose solution lies in good man- 
agement. It is when he becomes part of 
management himself, with the attendant 
need for general knowledge and under- 
standing of human relations, that he be- 
comes cognizant of the limitations of the 
average engineering education and its em- 
phasis on technical training almost to the 
total exclusion of culture or the social 
sciences ( pages 322-5). 


V-2 Range Control. Information now is 
available concerning one of the more 
formidable enemy weapons, the German 
V-2 rocket, which has been undergoing tests 
by the United States Government at Las 
Cruces, N. Mex. Although no new basic 
knowledge is employed in the rocket which 
attained fame during the bombardment of 
England, the application is felt to be suffi- 
ciently novel to be of interest, particularly 
in the matter of range control ( pages 
303-05). 


HIGHLIGHTS........ 


Employee Training Programs. With the 
prospect of almost 30 million persons re- 
turning to peacetime pursuits in the im- 
mediate future, industry is faced with a mass 
retraining problem as serious as that oc- 
casioned by a conversion to wartime pro- 
duction. Perhaps the example set during 
World War II by the government-financed 
Engineering Science and Management 


War Training Program will point the way’ 


to its solution ( pages 370-76). 


Wire Recording. Although there has 
been no widespread commercial exploita- 
tion of magnetic wire recording in the 
United States as yet, experiences with its 
use by the Armed Forces during World 
War II indicate a promising market for 
models adapted for commercial consump- 
tion. The simplicity of the recording pro- 
cedure, the fact that the wire recording can 
be erased for reuse, and the length of play- 
ing time possible with a relatively small 
record all are factors which should find 
faver with the consumer in spite of various 
disadvantages existent in the recording in 
its present form ( pages 376-27). 


Conservation of Power. Improvementsin 
power supply during the past two decades 
not only have decreased the unit cost of 
electricity to the consumer, but have accom- 
plished much in the direction of conserva- 
tion of fuel and other essential materials. 
However, in view of today’s ever-increasing 
power requirements, further reduction in 
total fuel consumption becomes more and 
more difficult ( pages 326-8). 


Magnet Coils. With the development of 
silicone insulation, the distinction between 
insulation standards for magnet coils and 
those for rotating machines ‘has become 
more pronounced. Based on this con- 
sideration, separate tests carried out on 
magnet coils reveal that a combination of 
fiber glass and silicone resin makes an im- 
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portant contribution to improving the 
thermal life of magnet coil insulation and 
seem to indicate that the end of the reliable 
life of such coils is determined by the failure 
of the silicone resins as bonds (Transac- 
tions pages 412-16). 


Rectifier Installations. Rectifier installa- 
tions may be classified either as likely or as 
unlikely to cause important induction prob- 
lems, or as indeterminate. A working 
group of an AIEE subcommittee on elec- 
tronic power conversion.:has prepared a 
report which presents methods by which 
proposed installations can be placed in one 
of these categories, thus saving consider- 
able time and effort, either by omitting de- 
tailed studies and tests where they are not 
needed, or by taking the proper precautions 
when so indicated (Transactions pages 
417-36). 


Double-Reduction Motor. The modern 
double-reduction traction motor and gear 
unit incorporates qualities of smallness, 
compactness, and light weight which make 
it especially adaptable to a wide range of 
locomotive sizes where the weight saved in 
the traction motor may be used in the Diesel 
engine to provide a more powerful loco- 
motive without increasing the weight. The 
speed of the double-reduction~ motor is 
approximately 67 per cent as much as that 
of the modern single-reduction motor which 
makes it unsuitable for heavier high-speed 
road locomotives (Transactions pages 471-4). 


Diesel-Electric Drilling Equipment. With 
the application of the electrohydraulic 
governor, a war development, to Diesel- 
electric drilling equipment for the first 
time, a new degree of protection is attained 
through prevention of engine overloading. 
The governor also permits running the 
engines at the lowest speeds consistent with 
the desired rig motion and not at full rated 
speed at all times as in the past (Trans- 
actions pages 447-53). 


Engineering Organizations. The neces- 
sity for an over-all engineering society to 
supplement specialized technical organiza- 
tions by endeavoring to raise the profes- 
sional standards of the profession as a whole 
is stressed in a current letter to the editor. 
Such a society, the writer believes, may be 
found in the National Society of Profes- 
sional Engineers ( page 363). 


Directors’ Report. Principal AIEE ac- 
tivities during the fiscal year ending April 
30, 1946, are summarized in the 62d 
annual report of the board of directors. 
Also included are accountants’ statements 
indicating the financial status of the Insti- 
tute ( pages 337-50). 


Awards. National and District prize 
award winners were announced at the 
AIEE annual meeting in Detroit, June 26 
(page 357). 
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Direct connected to a centrifugal pump and repeatedly subjected to over- 
loads, this 7}4 h.p. SILICONE INSULATED motor is frequently hosed off to 
remove encrusted salts. It's still in service after two years. Class B insulated 
motors lasted only six to nine months here. 


SILICONES 


.-- plus repeated overloading for 2 years’ continuous operation 


By reducing motor failures caused by exces- DOW CORNING CORPORATION 
sive moisture—plus heat from overloading— MIDLAND, MICHIGAN 
Silicone Insulation can cut your maintenance Chicago Office: Builders’ Building Cleveland Office: Terminal Tewee 


costs. , New York Office: Empire State Building 
In Canada: Dow Corning Products Distributed by Fiberglas Canada, Ltd., Toronto 


Easy to apply without special equipment, the 
new DC 996 Insulating Varnish bakes at 
300° F., like many organic varnishes. For a 
complete job of Silicone Insulation, silicone 
bonded inorganic insulating materials are 
commercially available from leading dis- 
tributors. 


There's a cost-saving place for Silicone Insu- 
lation wherever insulation failures result 
from repeated overloads, excessive moisture, 
and exposure to chemical dust, fumes, and 
most chemicals. For full details, contact 
Dow Corning. 
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dateline on Electrical Engineering this month 
does not mean that an issue is being 
kipped, but is simply a device for rear- 
anging the production schedule to insure 
early mailing of copies ( page 408). 


Summer Convention. Setting a new at- 
_tendance record for recent years with a 
registration of 1,351, the 1946 AIEE sum- 
mer convention was held in Detroit, Mich. 
An unusually heavy technical program 
m arked this year’s convention as well as a 
epy contests for the Mershon and Lee 
A golfing trophies. This is the 61st annual 
summer convention of the Institute and the 


Coan has convened in Detroit (pages 


> 


Sections. One of the outstanding fea- 
tures of the recent AIEE summer conven- 


_ tion was a series of six conferences on Sec- ~ 


3 tion activities arranged by the Sections com- 
_ mittee. The conferences, whose popular- 
__ ity was attested by a very gratifying attend- 
ance, included an officers and delegates 
session which was addressed by both 
_ President Wickenden and President-Elect 
_ Housley (pages 398-407). Also included 
_ were three separate but parallel conferences 
_ which were held to permit discussion of 
~ common problems and exchange of experi- 
- ences among Sections of similar size. The 
__ three sessions were conducted for the larger, 
z intermediate, and smaller Sections (pages 
- 402-03). 


7 


_ Professional Goals. ‘‘The essence of mod- 

- ernity is that progress no longer waits on 
genius; instead we have learned to put 
our faith in the organized efforts of ordi- 
nary men.’ In the presidential address 
delivered at the recent AIEE summer 

- convention in Detroit, Mich., President 
Wickenden added his voice to the plea for 
national unity among engineers, one of the 
goals toward which Doctor Wickenden and 
his fellow AIEE officers have been working 
during the past year (pages 365-9). 


Automatic Control Systems. Technical 
literature thus far has not given very ade- 
quate coverage to that class of servomecha- 
nism in which the components in the direct 
circuit are paralleled by components in a 
feed-back circuit. Treatment of a complex 
dynamic system is difficult on the basis of 
classical mathematics. However, an analy- 
sis is not only of value in giving a quantita- 
tively approximate idea of the correct ap- 
proach to a problem, but, if it includes ex- 
perimental data on the performance of the 
major components, it can set up exact 
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specifications for the design of the remain- 
ing circuits (Transactions pages 521-9). For 
an analysis of automatic control systems in 
general, the frequency response approach 
or the transient response approach may be 
used. Of the two, the frequency analysis 
provides information equivalent to the 
transient analysis, but with less calculation 
and more easily interpretable results (Trans- 
actions pages 539-46). 


Physics’ Half Century. Evolving over a 
period of 50 years from the periphery to the 
very center of the scientific circle, the 
United States today boasts more than 
three-fifths of the world’s physics’ activity— 
a far cry from an era when Benjamin Frank- 
lin and Joseph Henry were the only Ameri- 
can physicists of note. Much of the cur- 
rent activity, of course, is the direct result 
of the recent war which stimulated scien- 


tific research in America but greatly cur- © 


tailed it in Europe ( pages 378-83). 


Japanese Radar. Because “Our Emperor 
directed us to tell you everything,” the 
Japanese people were unexpectedly co- 
operative in revealing to Allied officers 
what they could of Japan’s technical activi- 
ties during the war. What has been 
learned about their radar developments is 
reported in a 2-part article, beginning in 
this issue, by an ex-operations analyst who 
was assigned, after the fall of Japan, to 
study all phases of Japanese electronics 
and radar ( pages 370-7). 


Automatic Calculator. In 1642 the founda- 
tion for almost all modern mechanical 
calculating machines was laid when Blaise 
Pascal built the first mechanical adding 
machine incorporating the use of rotating 
wheels and providing for carry. One of 
the latest devices in this field, the automatic 
sequence controlled calculator developed 
by Harvard University and International 
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Business Machines Corporation, is described 
in a 3-part article beginning in this issue 
( pages 384-97). 


Quality Reports. The successful employ- 


ment of quality reports in an increasing 
number of industrial concerns recommends — 


_an even more general usage although, in 


many cases, the installation of a quality — 
control system will have to be preceded by 
the conversion of a hostile management. 
The reports themselves may be presented 
in any of several ways, the choice being 
determined by conditions in the plant in 
question (pages 397-3). 


Radar Range. Most radar sets in use 
during the recent war functioned by trans- 
mitting a pulse and measuring the time 
necessary for the signal to reach the target 
and the echo to return. Under these con- — 
ditions the most interesting problem which 
arises is the question of how much power ° 
must be transmitted so that the echo will 
be of sufficient strength to be detected satis- _ 
factorily by the radar receiver. In the 
case of microwave equipment, and the con- 
sequent line-of-sight transmission paths, 
the problem can be solved by geometric 
means (Transactions pages 546-8). 


Ladder Networks. When using a uniform 
ladder network (in the 4-terminal sense) to 
simulate a smooth transmission line, it is 
agreed that under some conditions a mid- 
shunt termination gives the best results 
while with other terminal conditions the 
midseries arrangement issuperior. With the 
understanding that the network retain its 
4-terminal identity, can an intermediate 
termination be found which will give a uni- 
formly good approximation for all con- 
ditions (Transactions pages 530-6)? 


Dangerous Currents. Current and not 
voltage, in spite of prevailing miscon- 
ceptions on that point, is the proper 
criterion of electric shock intensity. The 
effect of the shock on the victim will differ 
depending on the part of the body through 
which the current passes. The value of 
other factors, such as body and contact 
resistances or elapsed time between occur- 
rence of the accident, rescue, and resusci- 
tation usually can be estimated only 
roughly (Transactions pages 579-85). 


Preserving Pole Woods. As a result of 
the backlog of pole requirements built up 
during the war and of today’s labor short- 
ages, it has become difficult to obtain a 
sufficient supply of the more extensively 
used pole woods. In an effort to solve 
the problem the American Standards 
Association has issued specifications cover- 
ing various previously unrecognized coni- 
fers which may be given preservative treat- 
ments and used as substitutes (Transactions 
pages 549-54). 
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SILASTIC 
FLUIDS 
VARNISHES withstand heat 
ae RESINS resist oxidation 
GREASES exclude moisture 


SILASTIC* GASKETS 


for the 
most powerful aircraft 
engine ever built! 


chosen best among all gasket materials tested for service at 450°F. 


“NOTHING BUT THE BEST!" That's the policy followed Slate nares eee ectes 
by Pratt & Whitney in selecting materials for the powerful valley by tne ee aeeae 
new 28-cylinder, 3650 h.p. Wasp Major. Hod Rubber Co. seal 56 

rocker boxes of the : 
That's why Silastic was chosen for these rocker box gaskets. cylinder Pratt & Whitney 
Factors in the choice were Silastic’s resiliency at the 450°F. Walp sinter, 


operating temperature, resistance to the hot oil, and con- 
venience in handling. 


Silastic will fly with the Wasp Major in such giant new 
airliners as the Boeing Stratocruiser, Douglas Globemaster, 
Martin Mars, and Republic Rainbow. 


If you need a rubber-like material that's resilient up to 
S00°F. and flexible down to —7O°F., call for “Silastic 
Facts’ No. 1A—and TRY SILASTIC! 


*Trade Mark, Dow Corning Corporation 
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Pacific Coast Meeting. With an esti- 
mated attendance of more than 500, the 
Pacific Coast meeting was held this year 
in Seattle, Wash., August 27-30. Full 
details of the meeting will be reported in 
Electrical Engineering for November. 


Japanese Radar. The insistence of Japa- 
nese military leaders on keeping army 
and navy research, development, produc- 
tion, and operation entirely separate, as 
well as Japan’s failure to organize the full 
scientific power of the nation for war re- 
search, probably was largely responsible 
for her inability to develop effective radar 
equipment during World War II. This 
conclusion is reached in Part II of an 
article based upon an official report pre- 
pared by the United States Army (pages 


_ 455-63). 


Lamme Medal Award. The Lamme 
Medal for 1945 was awarded to David C. 
Prince (F ’26) for his work with high volt- 
age switching equipment and electronic 
converters. The three addresses delivered 
during the medal presentation ceremony 
include some pertinent remarks concerning 
the donor, Benjamin G. Lamme; an 
account of the medalist’s career; and 
Doctor Prince’s acceptance address in 
which he acknowledges the inspiration 
afforded by the inscription on the Lamme 
Medal, “The engineer views hopefully the 
hitherto unattainable”’ (pages 435-47). 


Statistical Methods. ‘The 11th article in 
the statistical series discusses the statistical 
interpretation of limited experimental tests. 
These ‘‘tests of significance,” as they gen- 
erally are called, have proved useful dis- 
ciplines in experimental development al- 
though they often are misused through 
superficial generalization and enthusiasm 
(pages 466-8). 


Unionization of Engineers. Although of 
the personal opinion that unionization of 
engineers is an unnatural development, an 
AIEE Student Member warns the pro- 
fession that the labor union idea is becom- 
ing increasingly widespread among young 
engineering graduates. He believes that 
one solution might lie in a more active 
interest on the part of established engi- 
neering societies in the employment diffi- 
culties of their members (pages 445-8). 


Westinghouse Centennial. Since the 
birth of George Westinghouse 100 years 
ago the era of rugged individualism in 
which he was a leader has given way to a 
period of increasing dependence on planned 
economy and government control. Tech- 


nologically and scientifically the inter- 
vening years have witnessed much prog- 
ress, but they also have witnessed a serious 
undermining of those elements so essential 
to the continuance of a properly function- 
ing society; namely, individual responsi- 
bility, good will, and leadership. If West- 
inghouse were alive today he surely would 
agree that progress is attained primarily 
through individual liberty (pages 442-5). 


Automatic Calculator. Part II of a 3-part 
article describes the functions performed by 
the multiplication and division registers 
and the functional units of the automatic 
sequence controlled calculator presented 
to Harvard University (pages 449-54). 


Bikini Report. Were the atomic bomb 
tests at Bikini worth while? What aré the 
general indications for the future? A 


member of the Institute who witnessed the. 


tests relates his observations, which coin- 
cide, in general, with official reports on 
the subject (pages 463-5). 


UN Electrical Facilities. Reputed to be 
the largest continuously louvered ceilings 
in existence, the ceilings of the two main 
council chambers of the Lake Success 
quarters of the United Nations each con- 
sume a'total of 24 kilowatts for illumina- 
tion. Each chamber has a general illu- 
mination of 58 foot-candles at the center 
of the room which tapers to 35 foot-candles 
at the edges (page 484). 


Hye 


Electrical Engineering Exposition. An 
electrical engineering exposition originally 
planned for 1941 but postponed because of 
the war will be held in New York con- 
currently with the AIEE 1947 winter 
meeting. The exposition will feature the 
newest developments in electric equipment 
for the generation, transmission, distribu- 
tion, and utilization of electric energy 
(page 485). 
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Mica Capacitors. Current design of car- 
rier telephone and other communication 
systems imposes special demands on capaci- 
tors used in frequency-sensitive systems. 
To meet these exacting requirements for 
capacitance tolerance at the time of manu- 
facture and for subsequent permissible 
change in capacitance, mica capacitors 
having sprayed silver electrodes bonded to 
the mica laminations have been developed 
to replace former designs (Transactions 
pages 670-4). ig, 2 
: fad 

Aircraft Engine Synchronism. With in- 
creasing emphasis being placed on multi- 
engine airplanes for commercial and mili- 
tary use, it has become moréand more im- 
portant to devise a satisfactory method for 
synchronizing aircraft engines in order to 
attain the maximum in comfort and flight 
efficiency, and visual synchronism seems to 
meet the requirements. This method em- 
ploys an instrument which indicates} the 


degree of synchronism between two engines 


by measuring the frequency difference 


‘between the outputs of the generators con- 


nected to each engine (Transactions pages 
650-3). ; 


Current Ratings for Wire and Cable. 
There is no accepted standard method for 
determining the short-time current rating 
of wires. However, based upon a com- 
parison of the results of the three methods 
generally used by engineers—thermo- 
couple, oscillograph, or voltmeter-ammeter 
—a current-time-temperature test is recom- 
mended which utilizes a voltmeter-ammeter 
tor times down to five seconds and an 
oscillograph for shorter times (Transactions 
pages 644-8). 
1 

Servomechanism Analysis. The mechani- 
cal transients analyzer provides a fast and 
simple method of obtaining complete solu- 
tions of the performance equations of seryo- 
mechanisms under any type of operating 
condition. Solutions based on data ob- 
tained from a general study of variable- 
voltage angular-position servomechanisms 
include system frequencies and per cent 
damping per cycle that are applicable to 
any system disturbance (Transactions pages 
636-9). 


Ignitrons. Because the auxiliaries re- 
quired for excitation and temperature con- 
trol are an important part of the rectifier 
unit, the successful design of this unit must 
allow for the characteristics, limitations, 
and requirements of the electron tube. 
Among the factors which must be included 
in application data for mercury pool tubes 
or tanks are their excitation, control, and 
cooling characteristics (Transactions pages 
632-5). 


Politics. AIEE member Victor Wichum 
is a candidate for Congress from the 10th 
Congressional District, Kings County (page 
492). 
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“Model 2405 Volt Ohm. Milliammeter 
pervolt D.C. 


NEW “SQUARE LINE” metal case, 
attractive tan “hammered” baked- 
on enamel, brown trim. 


V PLUG-IN RECTIFIER 


Replacement in case of overloading 
is as simple as changing radio tube. 


V READABILITY 


The most readable of all Volt- 
Ohm-Milliameter scales—5.6 inches 
long at top arc. 


V RED e DOT LIFE- 
TIME GUARANTEE 
on 6” instrument protects against 


defects in workmanship and ma- 
terial, 


New. ENGINEERING e New DESIGN 
New RANGES e 


(50 RANGES) 


Voltage: 5 D.C. 0-10-50-250-500-1000 at 25000 ohms per volt. 
5 A.C. 0-10-50-250-500-1000 at 1000 ohms per volt. 
Current: 4 A.C, 0-.5-1-5-10 amp. 


6 D.C. 0-50 microamperes—0-1-10-50-250 milliamperes—0-10 amperes 
4. Resistance 0-4000-40,000 ohms—4-40 megohms, 


6 Decibel —10 to +15, +29, +43, -+-49, -+55. 
Output Condenser in series with A.C. volt ranges. 
Model 2400 is similar but has D.C. volts Ranges at 5000 ohms per volt. 


WRITE FOR COMPLETE DESCRIPTION, 


5 eo e ° 
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to press, reports from Indianapolis, Ind., 
where this year’s Great Lakes District 


_ meeting is being held, October 9-11, indi- 


cate registration of well over 250. Full de- 
tails of the meeting will appear in the 
_ December issue. A 


Pacific Coast Meeting. Offering a well- 
balanced program of nine sessions, includ- 


_ ing a technical session on atomic power, 


a 
’ 


4 


i] 


£ 
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the recent AIEE meeting at Seattle, Wash., 


attracted an attendance of 562, a record: 


‘for Pacific Coast meetings. Among the 
‘highlights of the meeting were an address 


on the “Development of Atomic Power” 


_by Bruce R. Prentice, and a session devoted 
to a discussion of the organization of the 


_, engineering profession (pages 529-37). 


John Fritz Medal Awarded. Announce- 
ment has been made of the award of the 
John Fritz Medal for 1947 to Doctor Lewis 
Warrington Chubb (F’21) director of re- 
search in the research laboratories of the 
“Westinghouse Electric Corporation, East 
Pittsburgh, Pa. Doctor Chubb was se- 
lected for his “‘pioneering genius and not- 
able achievements during a long career 
devoted to the scientific advancement of 
the production and utilization of electric 
energy.”’ The December issue of Electrical 
Engineering will have a further account of 
Doctor Chubb’s career. 


National Electronics Conference. Re- 
ports from the National Electonics Con- 
ference, meeting in Chicago, October 3 to 
5, give the initial day’s registration as ex- 
ceeding 1,800. A full report of the 19 
technical sessions of the conference will ap- 
pear in the December issue. 


Reactive Power Sign. Reader comment 
is invited on a proposition to change the 
sign of inductive reactive power from an 
arbitrarily accepted negative value to 
positive in order to provide a standard 
which will express the term “reactive 
power” as it generally is employed in engi- 
neering practice. Justification for the 
change is based on a report prepared by a 
subcommittee of the AIEE Standards com- 
mittee (pages 572-16). 


Industrial Hazard. The usefulness of X 
and gamma radiations in. industry is 
partly offset by the hazard to workers en- 
gendered by the rays’ ‘‘delayed-action”’ 
destructive effect on living tissue. Because 
it would be uneconomical if not impossible 


’ to make all industrial equipment employing 


the radiations absolutely foolproof, it is 
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important that employees bet provided | 


with a set of supplementary rules to be 
obeyed for adequate protection (pages. 
499-507). 


Science, Strength, Stability. Government 
by the people is really government by 
that portion of the people which takes the 
trouble to participate actively in the for- 
mation of public opinion. The engineer 
and the scientist, because of the specialized 
positions they, as professional men, hold 
in society, play a leading part in the de- 
velopment of that public opinion and so 
must accept their share of the responsibility 
for the enlightened world opinion which is a 
necessary condition for world peace (pages 
508-12). 


Development of the Saint Lawrence. 
Construction of a navigation channel 800 
feet long and the development of 2,200,000 
horsepower of hydroelectric capacity are 
two features of a proposed plan for the hy- 
droelectric development of the Saint 
Lawrence River. The project, when com- 
pleted, will provide power and navigation 
benefits for both the United States and 
Canada under terms of an agreement be- 
tween the two nations for co-operation in 
its construction and maintenance (pages 


495-8). 


Human Progress. Although the increas- 
ing destructiveness of recent wars would 
seem to bode ill for the future of civiliza- 
tion, a survey of the progress of mankind 
since the era of Peking man still leaves room 
for optimism— that is, if man can learn to 
profit by the lessons of the past (pages 
521-2). 


Relays for Telegraphy. From an initial 
trial installation with a 3-link system from 
New York to Philadelphia, much progress 
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has been made in the past year in the de- 
velopment of a radio relay system for do- 


_mestic telegraphy. By materially reducing 
circuit interruptions resulting from storms, 
falling trees, and electrical disturbances, 


such a system is expected to improve the 
quality, dependability, and speed of tele- 
graph service provided to the public 
(pages 516-20). : 


Automatic Calculator. The third and 
concluding part of an article describing 
the automatic sequence controlled cal- 
culator discusses the preparation and plan- 
ning of the sequence control tapes. These 
tapes are employed when a large number of 
values is to be used by the calculator in a 
prescribed order. The values may be 
supplied to the machine via a perforated 
paper tape and one of the. interpolator 
mechanisms to each of which three se- 
quence codes have been assigned (pages 
522-8). wei) 


Philosophy of Relaying. From.a strictly 
objective point of view, the electric power 
system exists to render service to the cus- 
tomer better and more economically than 
he could be served by other methods. In 
spite of all precautions to assure excellence 
of service, however, the system still remains 
subject to unavoidable defects which result 
in faults that may damage equipment-and 
interrupt service. Although relay protec- 
tion cannot prevent these faults from oc- 
curring, it is a means of minimizing the 


effects of such faults when they do occur - 


(Transactions pages 735-41). 


Thermistors. The thermistor (or ther- 
mally sensitive resistor), a new circuit ele- 
ment made of solid semiconducting mater- 
ial, has characteristics of versatility and 
durability which make it especially adapt- 
able for such applications as sensitive ther- 
mometers and temperature control ele- 
ments, gas pressure gauges, and contactless 
time delay devices. Previously found im- 
practical for widespread use because of a 
wide variation in the properties of units 
seemingly produced by the same process, 
the thermistor’s present possibilities are the 
result of almost a century of research to 
overcome the device’s imperfections (Trans- 
actions pages 711-25). 


Military Communications. One of the 
major differences between the operation of 
a military communication system in the 
field and commercial operations is the 
method by which the requirements are 
limited with respect to the available supply 
of facilities. To develop a theater-wide 
system of communications with the complex 
operating features involved in a military 


‘setup, it soon was realized that staff re- 


sponsibility without technical administra- 
tive authority over the operating personnel 
of the various subordinate command was 
entirely unsatisfactory (Transactions pages 
757-61). 
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@ The General Radio Type 602 Decade-Resistance Boxes are 
universally accepted as the adjustable standards of resistance in 
laboratories where a wide range of resistance values is required. 


FEATURES 


PERMANENT CALIBRATION 

THOROUGH AGING 

ACCURATELY ADJUSTED RESISTANCE VALUES 

LOW TEMPERATURE COEFFICIENT 

LOW INDUCTANCE AND CAPACITANCE WINDINGS 
NO APPRECIABLE FREQUENCY ERROR BELOW 50 KC 
LOW AND CONSTANT CONTACT RESISTANCE 
PROTECTED WINDINGS AND SWITCHES 

POSITIVE DETENT MECHANISMS 

SHIELDED CABINETS — NO BODY CAPACITANCE 
CURRENT-CARRYING CAPACITY ENGRAVED ON EACH DECADE 


PAL AR NINE SIZES BETWEEN 0.1 TO 111 OHMS AND 
Aryton-Perry windings of the 1-, 1 TO 111, 110 OHMS 
ADs SOR pane cecedee o7) basi MODERATELY PRICED BETWEEN $30 and $80 


cards, 
WE HAVE A FEW IN STOCK! 


Quadruple-leaf, phosphor-bronze 
switches with wiping contact. Con- 
tact surfaces ground flat. Contact 
resistance only 0.002 ohm. Cam-type 
positive detent mechanism. Entire 
unit shielded behind panel. 


Write for Detailed Information and Complete Specifications 


GENERAL RADIO COMPANY 


275 MASSACHUSETTS AVENUE CAMBRIDGE, MASSACHUSETTS 


Rise crm gy efgions O00, ea BRANCHES: 90 West St., New York 6, 920 S. Michigan Ave., 


Chicago 5, 950 N. Highland Ave., Los Angeles 38 


4. Please mention ELECTRICAL ENGINEERING when writing to advertisers NOVEMBER 194¢ 


New Publication Policy. To meet the ex- 


pressed desires of the membership for a 


broader and more effective publications 


_ service, important changes in AIEE publi- 


cation policy and procedure will become 


_ effective January 1, 1947, in accordance 
with recommendations made by the publi- 
_ cation committee and approved by the 


board of directors, October 26, 
( pages 576-8). 


1946 


Great Lakes District Meeting. In spite of 


_a last minute change in location from Fort 


Wayne, Ind., to Indianapolis, Ind., as a 
result of the hotel situation in the former 
city, the seventh annual meeting of the 
AIEE Great Lakes District, October 9-11, 
was catried to a successful conclusion. Fea- 
tured at the meeting was a general confer- 
ence on Institute activities and organiza- 
tion of the engineering profession, under the 
chairmanship of AIEE Vice-President T. G. 
LeClair of the Great Lakes District, which 
was addressed by AIEE President J. Elmer 
Housley ( pages 578-80). The majority of 
the papers presented at the meeting were 
conference or District papers only. Their 
subject matter included electric machin- 
ery, electronics, communications, and basic 
sciences ( pages 565-9). 


National Electronics Conference. Ap- 
proximately 2,100 persons attended the 
second National Electronics Conference 
which was held in Chicago, II]., October 
3-5. This conference was organized in 
1944 as a national forum on electronics 
developments and their applications to 
keep abreast of recent rapid growth in that 
field. The AIEE Chicago Section is one 
of its sponsors ( page 590). As an indication 
of the nature of subjects discussed at the 
conference, digests of the papers are pre- 
sented in this issue ( pages 569-74). 


Science and Politics. It is acknowledged 
generally that the union of science and 
government during World War II was ex- 
tremely successful in producing the scien- 
tific developments which largely determined 
the winning of the war. Does the success 
of this partnership in meeting the abnormal 
demands of war argue its continuation as 
insurance of an adequately financed peace- 
time program? One argument in its favor 
points out that, inasmuch as the public 
eventually benefits from scientific research, 
it has a direct interest in supporting it. 
This is a debatable subject of immediate 
and far-reaching importance ( pages 554-6). 


Train Communications. Tests of inductive 
and radio carrier communications for trains 
conducted during the past few years under 
actual operating conditions indicate that 
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t 

such systems, although not entirely satis- 
factory, are valuable as time-saving de- 
vices. The tests were carried out on major 
United States railroads in co-operation with 
radio equipment manufacturers, the As- 
sociation of American Railroads, and the 
Federal Communications Commission 
( pages 547-53). 


Organization of the Engineering Profes- 
sion. Because there are two aspects to be 
considered in the organization of the engi- 
neering profession—the technical side and 
the professional side—it would seem that 
Plan B of the four plans submitted by the 
professional activities subcommittee of the 
AIEE committee on planning and co- 
ordination presents the best course to fol- 
low. This plan leaves the AIEE and other 
technical societies free to continue their 
technical activities and calls for a profes- 
sional society to carry on all activities of a 
nontechnical nature ( pages 563-4). 


Slow-Acting Relays. Slow-acting relays 
have many uses, but their widest applica- 
tion is in automatic telephone systems where 
they are an essential element. Although 
little has been said on the subject in tech- 
nical literature, the advantages of the slow- 
acting relay, which include small space re- 
quirements, low cost, and low energy re- 
quirements, far outweigh their only major 
disadvantage, a question of mounting, and 
even this has been overcome to a large 
extent by modern design ( pages 557-63). 


Fault-Current Measurement. A fault- 
current measuring device must be rapid 
and positive in action, must not interfere 
with the electrical characteristics of protec- 
tive apparatus in the same circuit, and must 
be prepared to operate automatically. 
One device which meets these requirements 
is a magnetic link measuring device which 
utilizes a surge-crest ammeter and a de- 
magnetizing coil to read the magnetization 
of the links and to demagnetize them after 
energization (Transactions pages 839-43). 
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Radio Relay System. Although designed 
primarily for military use, an 8-channel 
microwave relay system which utilizes radio 
frequencies approaching 5,000 megacycles 
provides such complete freedom from static 
and most man-made interference that its 
basic design principles could be employed 
profitably in commercial applications 
(Transactions pages 798-806). 


Aeronautical Research. The aeronautical 
research laboratories of the United States 
are of interest, not only for the part they 
play in aeronautical developments, but for 
the variety of electric devices they employ, 
and the surprising magnitude of their elec- 
tric power loads. For example, the Ames 
Aeronautical Laboratory at Moffett Field, 
Calif., one of three laboratories of the Na- 
tional Advisory Committee for Aeronautics, 
will have more than 150,000 connected 
horsepower when wind tunnels now under 
construction have been completed (Trans- 
actions pages 833-9). 


Teaching Electricity. To comprehend 
fully the significance and limitations of each 
of the relations, formulas, and rules which 
make up the body of a science, it is neces- 
sary to understand the basis upon which 
each was obtained. Thus, a presentation 
of most of the fundamental relations in elec- 
tricity and magnetism in general form, with 
the basis of each relation indicated clearly, 
should provide the beginning student with 
the means for acquiring a fundamental 
understanding of electricity and magne- 
tism, and forms his basic training in engi- 
neering analysis (Transactions pages 828-33). 


Corrections. Attention is called to the fol- 
lowing misprints occurring in recent issues of 
Electrical Engineering. Inthe paper ‘“The In- 
fluence of the Concentration and Mobility 
of Ions on Dielectric Loss of Insulating 
Oils? by Bun Po Kang, published in the 
Transactions section of the July 1946 issue, 
on page 403, column one, fourth line from 
the bottom, ‘‘within a limited rage of tem- 
perature” should be corrected to read 
‘“‘with a limited range of temperature,” and 
equation 3 on page 404 which appears as* 
“W=A—B/T? should read “Log W= 
A—B/T.” On page 458 of the same issue, 
also in the Transactions section, an error 
appears in the paper “Operating Experi- 
ence With Distance Ground Relays” by 
W. A. Wolfe. The second term of equation 
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‘‘Application Ratings of Indoor Power Cir- 
cuit Breakers’? by O. B. Vikoren, published 
in the November issue, the 14th line, second 
column, page 270 of the Transactions sec- 
tion, which reads “‘in the 400-ampere and 
440-ampere tests” should be corrected to 
‘tin the 400-ampere and 550-ampere tests.”’ 
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It has Ideas jor YOU! 


lectrical engineers and operating men 
took valuable time to express their need 
for a show like this... because it will save them 


time in the long run. 


Under one roof you will see and compare 
quickly the latest materials and equipment for 
the generation, transmission, distribution 
and utilization of electrical energy. Over a 
hundred exhibits will be waiting for you— 
staffed by technical men ready to answer your 


questions. 


Coming when there are probably more newly 
revealed developments than ever before in 
electrical history—running concurrently with 
the Winter Convention of AIEE—the show is 
timely. 


Post yourself on the latest advances in your 
field. Make yourself more valuable to your 
company through this display of the newest 
ways to improve plants, products and services. 
Admission by registration only—general pub- 
lic excluded to make the show more valuable 
to you. Reserve the date now. 


ELECTRICAL ENGINEERING EXPOSITION 


7st Regiment Armory ° NEW YORK « JANUARY 27-31, 1947 


To be held concurrently with Winter Convention of American Institute of Blectrical Engineers 


Under management of International Exposition Co,, Grand Central Palace, NUY,.C. 
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Coal... Water... Oil... these are our sources of power. Our early use of each of 
them was crude and localized and wasteful—before the time of electrical wire. 

Now, wire harnesses horsepower. Wire traps it at its birth—even bringing about 
its generation. Wire packages power and brings it into our homes. Wire transforms 
power into a thousand different characters. 

The use of horsepower is a many-sided science, now that wire is here. Each 
specialized application has its specialized wire counterpart. The development of 
these wires is in itself a scientific undertaking ... a challenge ... an achievement 


--.a source of pride for the wiremakers among whom a pioneering leader is Belden 
Manufacturing Company. 


_ Belden 
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How these tests at Wilkes-Barre 
PAY OFF FOR YOU 


LONG, TROUBLE-FREE LIFE with your insulated wires 
and cables starts with the type of raw materials that 
go into their manufacture. So Hazard checks and 
tests rubber, synthetics and plastics, cotton, metals, 
jute. Every item received must first pass thorough 
laboratory tests for electrical characteristics, aging 
qualities, uniformity, mechanical strength, etc., be- 
fore release to the production department. 


CABLE UNIFORMITY AND STABILITY are rigidly controlled 
through every critical step in manufacture by sensitive 
gauges and instruments that control temperature, pres- 
sure, dimensions .. . that continuously measure electrical 
strength of the insulation and stop machinery instantly 
if the slightest change develops. 


/ C3ts.. a tests... and more tests! Hazard 


checks raw materials ... manufacturing operations 
... every finished product — all to eliminate the 
possibility of dangerous and costly wire and cable 
failure in actual service. Come war, come peace, 
come shortages or abundances of materials — you 
can select Hazard insulated wires and cables with 
complete confidence always. For example, in all the 
millions of feet of Hazard Armortite Underground 
cable (illustrated below ) installed since 1928, when 
it was introduced, not a single failure due to 
inherent defects of insulation has. been reported. 
Hazard Insulated Wire Works, Division of 
The Okonite Company, Wilkes-Barre, Pa. 


A TRIPLE-CHECK IS YOUR PERFORMANCE INSURANCE. In 
addition to all the tests and checks made of raw materials 
and production operations, every inch of every Hazard 
wire or cable when completed, must stand up under an 
electrical pressure test far above what ever could normally 
be expected in service. 


HAZAKO, 


insulated wires and cables for every: electrical use 
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WIRE-WOUND POWER TYPES e 


uper 
NON-INDUCTIVE RESISTORS 


FOR HIGH R-F USES 


Sprague Koolohm type SIF super 
non-inductive resistors haye solved 
many serious problems in high-fre- 
quency radar and communications 
work involving dummy loads and 
dummy antennae, line terminations, 
rhombic antenna phasing resistors, 
and others—wherever there is need 
for power wire-wound resistors hay- 
ing extremely small phase angles. 
These SIF units are made in seven 


types, with power rating from 15 to 
150 watts. Typical maximum phase 
angle values, measured at 3MC are 
as follows: 
5 ohms to 26 ohms... 20° 
27 ohms to 99 ohms... 12° 
100 ohms and higher... 6° 
For complete details write for the 
new catalog of Sprague Koolohm 
wire-wound resistors for eyery 
requirement. 


A Large Government Laboratory Reports: 


“Preliminary measurements on the 
Sample No. 878, Type 120SIF resis- 
tors have indicated that these resistors 
should fulfill the requirements of the 
intended service. Over a frequency 
range from 6 to 15 Mc and with six 
units connected in parallel the imped- 
ance (R+JX) varied from 49+J4.3 


to 51+J6.3. Ata frequency of 10 Mc 
and with each unit measured singly, 
the resistance of six units yaried from 
295 to 306.5 ohms and the reactance 
varied from 0 to —4.2 ohms. The 
higher reactance obtained for the par- 
allel arrangement is partially due to 
the necessary connecting buss bars.” 


SPRAGUE ELECTRIC COMPANY 


RESISTOR DIVISION 


NORTH ADAMS, MASS. 


Reg. U. S. Pat. Off. 


BOBBIN TYPES 
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‘What has Waterford, N.Y. 
got to do with 


BETTER 
HEARING? 


WELL, Waterford, N. Y., is where 
‘we’re going to do something new about 
an old hearing aid problem—moisture. 
On damp, humid days, hearing aids 
need protection from moisture. For 
moisture, condensing around the sensi- 
tive electron tubes, causes noisy static. 
At Waterford, where we’re building our 
plant to produce silicone products, we 
will be able to supply that protection 
with prRI-FILM, G.E.’s remarkable new 
water-repellent material. 

Already, General Electric engineers 
have assisted the Sonotone Corporation 
in working out a DRI-FILM moisture- 
proofing treatment for hearing aid elec- 
tron tubes. Radio, television, and public 
address systems will want its protection, 
too. But that’s only the beginning. 

DRI-FILM is fine for glass—textiles— 


paper—ceramics—plastics—almost any 
type of material that must shed water 
quickly and withstand wide ranges of 
heat and cold. 

DRI-FILM isn’t the only product our 
new plant is going to make. Far from it. 
DRI-FILM has a lot of surprising relatives 


in the silicone family. There are silicone 
oils, silicone greases, silicone varnishes, 
silicone rubber products, and silicone 
insulating materials. The wonderful 
thing about them all is the way they 
can stand up against heat, cold, moisture, 
and chemicals. Undoubtedly, dozens of 
new silicone applications will develop 
as the products become more readily 
available. 

During the war, General Electric’s 
pilot plant turned out silicones in a 
variety of forms. But the quantities were 


Se 


limited. Soon, with our new plant, 
we'll be able to produce silicone products 
by the tank car and by the ton—enough 
to meet your production needs. 

When will that day come? It should 
be early in 1947. While we’re getting — 
ready to make silicones, many manu- 
facturers are getting ready to use them. 
Do you see possible uses for silicones in 
your production? For more information, 
consult General Electric. Write to the 
Chemical Department, General Electric 
Company, Schenectady 5, N. Y. 


GENERAL @ ELECTRIC 


DECEMBER 1946 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 70 


Typical Micromax 
Load Recorders with 
schematic load rec- 
ords drawn in, to 
show an up-to-the- 
second load “‘map”’ 
for system operators. 


LOAD “MAPS” BY MICROMAX 
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HELP FIND THE WAY TO AVAILABLE CAPACITY 


A dozen times a day ...or perhaps a hundred... 
Micromax Load Recorders can help decide some detail 
which affects a power system’s efficiency. 


An unexpected load peak develops, for instance. 
Will the extra power be provided on a hit-or-miss basis, 
from whatever generators happen, to pick it up? Or 
will the load dispatcher be able instantly to select the 
correct station, and phone the pick-up directions? 
Obviously, everyone concerned prefers the latter 
method, because it draws power from the source which 
is most efficient under the specific conditions of time, 
place and demand. 


With Micromax Recorders to help, this efficient 
course is easy. The instruments show every station’s 


MEASURING INSTRUMENTS +» TELEMETERS 
Jrl. Ad N-58-161(4) 


instantaneous load, and every tie’s load. And they 
also indicate all available capacities . . . facts which 
sometimes evade the dispatcher’s memory. 

The Recorders thus create what might be called a 
load “Map”. They help the dispatcher to find the 
route, through the system diagram, to the station 
which has available capacity for load increases, or 
which can best drop some load during decreases. 


This “mapping” is an addition to the value which 
Micromax Recorders have, in holding load schedules, 
in proving that they are held, and in the other functions 
which are primarily supervision and management. 
For a complete discussion of the equipment, see Catalog 
N-58-161, or ask an L&N engineer to call. 


LEEDS & NORTHRUP COMPANY, 4962 STENTON AVE., PHILA.,; PA. 


LEEDS & NORTHRUP 


AUTOMATIC CONTROLS + HEAT-TREATING FURNACES 
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Installing KERITE 
Submarine Power Cable 
in Long Island Sound 


Westchester Lighting Co. 


E KERITE COMPANY 


NEW YORK e CHICAGO e SAN FRANCISCO e LOS ANGELES 


Pioneers in Cable Engineering 
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OHMITE 


RESISTORS 


"RITEOHM” PRECISION RESISTORS 

Six types—including non-inductive pie-wound vacuum- 
impregnated units, pie-wound hermetically sealed glass 
units, and single-layer vitreous-enameled units. Toler- 
ance + 1%. Five types available from stock in }4-and 
]-watt units ranging from 0.10 to 2,000,000 ohms. 


NON-INDUCTIVE RESISTORS 


For use in radio frequency circuits where resistors of 
practically constant resistance and impedance are re- 
quired. Available in the vitreous-enamel tubular type 
with special winding and in hermetically sealed-in glass 
type with special winding and vacuum tube base. 


"DIVIDOHM” ADJUSTABLE 
VITREOUS ENAMELED RESISTORS 

Use them for multi-tap resistors or voltage dividers, and 
for obtaining odd values of resistance quickly. Consist 
of vitreous-enameled resistors of the lug type with wire 
exposed along one side for contact with adjustable lugs. 


"BROWN DEVIL’? AND LUG-TYPE 
VITREOUS ENAMELED RESISTORS 
Ohmite’s dependable, general-purpose resistors. Avail- 


able in ratings of 10 to 200 watts. Smaller sizes have tinned 
copper wire terminals; larger sizes have lug terminals. 


“LITTLE DEVIL”? INSULATED 
COMPOSITION RESISTORS 


An extremely small, sturdy resistor. Three sizes—4, 
1, and 2 watt, in 10 ohms to 22 megohms. Tolerance + 
10%, Light, compact, easy to install. Avail- 
able only from Ohmite distributors. 


Write for Catalog 18. Contcins helpful in- 
formation on rheostats, resistors, tap 
switches, chokes, and attenuators. 


OHMITE MANUFACTURING CO. 


4802 Flournoy St., Chicago 44, U.S.A. 


RHEOSTATS « 
RESISTORS * TAP SWITCHES 


STOCK OR SPECIAL UNITS AVAILABLE 
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COPPER-PROTECTED : . TYPE A 
: CONDUCTOR | 


FOR PERMANENT 


H | GH STRENGTH 


copper 


FOR CONDUCTIVITY 
AND RUST-PREVENTION 


IT’S 


THE DEPENDABLE, LONG-LIFE CONDUCTOR 


aby 


COPPERWELD’S unique Molten-Welding Process 
gives to a strong alloy steel core a heavy, protective 
covering of copper permanently welded to the steel. We 
strand this rugged Copperweld wire with copper wire 
into a triangular design which minimizes vibration and 
it becomes the time-tested, non-rusting Copperweld- 


Copper Conductor. Ideal for long-span construction, safe 


under heavy wind and ice loading, Copperweld-Copper 


For extra rugged lines of 
No. 8 conductivity use 
Type 8D. It is an extremely 
strong conductor consist- 


ing of two Copperweld , pee. 
eaires atid one papeet wire. Write for descriptive literature 


is a dependable performer insuring lowest annual cost. 
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AND FASTER PRODUCTION 


e@ New and unique designs for molded products, devel- 
oped by G-E engineers, are helping to speed production 
and lower costs of plastics parts for circuit breakers. 
Old molding methods were slowed by having to insert 
loose wedges in each mold to create necessary cross holes 
and internal projections. At No. 1 Plastics Avenue, this 


FINISHED CIRCUIT BREAKER 
COMBINES METAL, PLASTICS 


Complete assembly includes 
many metal parts. Plastics units 
had to be designed with cavities 
and projections for locking 
metal pieces into place. 


problem was eliminated by incorporating special 
plungers in the side walls of the mold, producing cross 
holes that require no machining. Another feature of the 


IN MOLDING PLASTICS’ PARTS 


DESIGNED FOR SAFETY= 


a8 , | a 7 ll > 


EWES MSS 
| 


design included many exceptionally thin projections, 
some of them molded within the holes. 

By designing these unusual molds, G-E engineers have 
made it possible to turn out circuit breakers at a faster 
rate and at lower cost than ever before. Perhaps they 
can help you the same way. Bring your plastics produc- 
tion problems to G.E.—the world’s largest manufac- 
turer of finished plastics products. Take advantage of 
G.E.’s complete plastics service—from design to finished 
product. A new G-E bulletin, “Design Data on Plastics 
for Product Designers,” will be sent to you upon request. 
Just write to Section E-12, Plastics Divisions, Chemical 
Department, General Electric Company, 1 Plastics 
Avenue, Pittsfield, Massachusetts. 


GENERAL @ ELECTRIC 


EVERYTHING IN PLASTICS 
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New Names in Permanent Magnet Materials 
Made by Indiana Steel CUNICO-CUNIFE-VECTALITE-SILMANAL 


Four new magnetic materials developed to widen and 
supplement the field of applications already stimulated 
by the cast and sintered Alnicos serve to emphasize 
the significance of correct design in the use of Permanent 
magnets. Due to their properties of ductility and 
machinability, Cunico and Cunife are especially adapt- 
able in magnets of small size. 


CUNICO is an alloy of copper, nickel and cobalt which 
may be cast, swaged, drawn, rolled, machined, 
punched or sintered in round, square or rectangular 
rods from 14" to 1” in any cross-sectional dimension. 
It has a high coercive force and is well suited for 
magnets requiring a large cross-section in propor- 
tion to length. 


CUNIFE is a copper, nickel, iron alloy which has 
directional magnetic properties and may be swaged, 
formed, drawn, rolled, punched, and machined. It 
has a high energy product in wire form up to 4” 
diameter and its coercive force is comparable to 
that of Alnico. 


VECTALITE is a sintered oxide which has directional 
magnetic properties, extremely lightweight and a 
very high coercive force. It has the unusual prop- 
erty of being non-conducting and has been satis- 
factorily used for rotor magnets in DC selsyns and 
tachometer indicators. 


SILMANAL, because of its silver content, is relatively 
costly and, therefore, suited to special applications 
requiring a very high resistance to demagnetiza- 
tion in either AC or DC magnetic fields. It is duc- 
tile, malleable and machinable and may be pro- 
duced in rods from 1/16" to 5/16” in diameter. 


With these outstanding new additions supplementing a 
wide line of magnets, The Indiana Steel Products Com- 
pany is equipped to furnish the exact type of permanent 
magnet to meet any production requirement. Our en- 
gineers invite you to consult them on your design prob- 
lems. For complete information write for our free 
‘Permanent Magnet Manual’. 


THE INDIANA STEEL PRODUCTS COMPANY 


PRODUCERS OF “PACKAGED ENERGY” 


6 NORTH MICHIGAN AVENUE * CHICAGO 2, ILL. 


Q) 


Q) 


SPECIALISTS IN PERMANENT MAGNETS SINCE 1910 


VALPARAISO, INDIANA 
STAMFORD, CONN. (CINAUDAGRAPH DIV.) 


© 1946 The Indiana Steel Products Co. 


PLANTS | 
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ASH HEADOUARTERS 


ee? a 
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@ LESS RADIO INTERFER- 
ENCE 


@ @ LESS AUDIO AND RADIO 
Ret | ON /Z ss FREQUENCY NOISE 


@ LOW CONTACT RE- 
SISTANCE 


@ UNIFORM CONTACT 
RESISTANCE 


@ LONG LIFE 


Twenty years ago, at the sugges- 
tion of Westinghouse engineers, Stack- 
pole pioneered silver-graphite contacts. 3 
The result was an almost immediate (a 
revolution in circuit breaker design. 
Later, as the advantages of this unique 
mix were applied to brush engineering, 
equally important advances were scored, 
particularly on low-voltage commutator 
and slip ring motor applications. 

Today, the important thing is not so *) 
much the fact that Stackpole Silver- 
Graphite Brushes are supplied in all 
sizes and shapes. What counts even 
more is the unsurpassed wealth of 
engineering experience that permits 
Stackpole engineers to recommend ex- 
actly the correct, ‘‘tailor-made”’ silver- 
graphite mix for best results on your “~ 
particular application. Backed with 
complete details of your equipment, 
they welcome the opportunity to submit 
BRUSHES AND CONTACTS Silver-Graphite Brush (or Contact) 
(All carbon, graphite, metal, ; 
Radtcoisoctiiioniypes) samples for test. You be the judge! 


RARE METAL CONTACTS 
BEARINGS WELDING CARBONS 
PACKING, PISTON AND SEAL RINGS 

CONTINUOUSLY ADJUSTABLE 


CARBON RHEOSTATS 
CHEMICAL CARBONS 
CARBON PIPE POWER TUBE ANODES 


MOLDED SPECIALTIES, efc. 


STACKPOLE CARBON COMPANY 
ST. MARYS, PA. 


MOLDED METAL POWDER AND CARBON PRODUCTS 
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BUILT 1919 


BUILT 1921 
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Most questions } insulators can be answered 
by one fact--what does thei show? This simple test 
can be applied to almost any claim a manufacturer may make. 
Years, and more years, of trouble-free performance is the one 
best proof of fundamentally sound design. 

‘Here are four of a large number of O-B insulated lines that fall 
into the twenty-to-thirty-year bracket of outstanding service 
records. Owners of each line have come back to O-B time and 
again for more suspension insulators used in later construction. 
The reason is obvious! 

You can build with equal assurance of fine insulator perform- 
ance simply by writing “O-B” into your specifications. 


BUILT 1917 


MANSFIELD, OHIO 


CANADIAN OHIO BRASS CO., LTD., 
NIAGARA FALLS, ONT. 


2656-H 
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Increases of as much as 15% in current carrying capacity 
have been measured in cables sheathed in Transite Ducts! 

The figures in the test case illustrated, made by Johns- 
Manville Research Engineers in collaboration with several 
leading cable engineers, apply to a single Transite Duct 
compared with an organic duct. 

Transite Ducts have been proved to dissipate I?R losses 
13% faster than other ductways tested, thus keeping cables 
cooler. Higher load capacity, reduced copper losses ,and 
increased cable insulation life are the results. 

Made of asbestos and cement, Transite Ducts are strong, 
immune to rust and rot. They are incombustible and un- 
affected by electrolysis or galvanic action. A permanently 
smooth bore makes possible long cable pulls and easy re- 
placements. Long, lightweight lengths can be 
quickly and economically installed. In addition, 
a full line of fittings simplifies even the most com- 
plicated installations. 


JOHNS MANVILLE 


@eonovucrs 


Johns-Manville JRANS/TE DUN 


CONDUIT for use without cone 
KORDUCT for concreting in 
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HOW TRANSITE DUCTS INCREASE 
CABLE CARRYING CAPACITIES 


Tests made on a lead-sheathed 500,000 CM cable 
insulated with 4" paper and placed insidea single 
duct encased in concrete. 


Sheath Temperature, 145° F. 
Ambient Air Temperature, 90° F. 


CURRENT CARRYING CAPACITY 
Transite Duct 
Organic Duct 

Difference 


796 amperes 
691 amperes 
105 amperes 


(Figures are results of tests conducted in the 
J-M Laboratory in collaboration with several 
leading cable engineers.) 


For full information on Transite Ducts, write 
for Data Book DS-410. Johns-Manville, Box 
290, New York 16, New York. 


ae 
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When this Bell Laboratories chemist 
turns the stop-cock he raises a column 
of mercury fo trap a micro-sample of 
gas evolved from a specimen of cop- 
per. Later he will analyze the sample 
by micro-techniques. 


Trapping poisons by micro-chemistry 


Touch of a finger-tip—or even the dust in apparently clean the tubes. . . . Bell Telephone Laboratories scientists estab- 

air—can carry enough contamination to ruin an electron lished the world’s first industrial micro-chemical laboratory 

tube. Bell System scientists found this out through micro- —_ more than 16 years ago for the Bell System. 

gas analysis using new and original techniques. Today micro-chemistry is constantly at work, helping 
They determined what could destroy the tube cathode’s —to_ raise still higher the standards of telephone service 

power to give off electrons, and how much—to the millionth and performance. 


of a gram. Then, with Western Electric, they developed 
BELL TELEPHONE LABORATORIES 


a manufacturing technique to keep these destroyers out of 


EXPLORING, INVENTING, DEVISING AND PERFECTING FOR CONTINUED IMPROVEMENTS AND ECONOMIES IN TELEPHONE SERVICE 
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VAQUUM-TUBE (07 «>< 
VOLIMETER 


oat Ome Ss Ly VACUUM-TUBE 
VOLTMETER 


INCREASED SENSITIVITY — with the addi- 
tion of a 0 to 0.5 volt scale, sensitivity is ex- 
tended by a. factor of 3 


CALIBRATED FOR DC AS WELL AS AC 


WIDER VOLTAGE RANGES — 0.1 to 150 
volts for ac; 0.01 to 150 volts for dc; both 
in six ranges 


ACCURACY OF +2% FOR D-C AND 
SINUSOIDAL A-C VOLTAGES 


CMOGABE ©, ZING EXTENDED FREQUENCY RANGE — as low 
2a me Aa fs as 20 cycles with error of less than 2% — 
Pager tig 5 See SE up to 300 Mc maximum error is + 12% — 

es ; useful for voltage indication up to 2,500 Mc 


IMPROVED PROBE — much smaller — nat- 
ural frequency increased to 1050 Mc — 
much better shielding — can be used with a 
variety of standard probe fittings, three of 
which are supplied 


A SINGLE ZERO ADJUSTMENT GOOD FOR 
ALL SIX RANGES 


NEW METER — easier to read — mirror for 

greater precision —no_ parallax — knife- 

edge pointer for upper scales, broad pointer 

: for lower — face illuminated to eliminate 

HE Type 1800-A Vacuum-Tube Voltmeter | -reflections from glass 


is a new instrument based on the funda- EFFECTIVE INPUT RESISTANCE 25 MEG- 
OHMS AT LOW FREQUENCIES 


VERY LOW PROBE INPUT CAPACITANCE — 
about 3.1 micromicrofarads 


PLATE VOLTAGE SUPPLY EQUIPPED WITH 
construction, both d-c and a-c voltage cali- ELECTRONIC STABILIZER 


brations, and housed in a much more com- INSTRUMENT CAN BE USED WITH PANEL 
VERTICAL, INCLINED OR HORIZONTAL 


mental designs of the Type 726-A, intro- 
duced by G-R in 1937. With greater sensi- 


tivity, increased ranges, improved probe 


pact and convenient-to-use cabinet, the useful 
upper-frequency limit of this meter is ex- TYPE 1800-A VACUUM-TUBE VOLTMETER - $305.00 ~ 


tended just about as far as present-day el Wille Fok Complete’ inferinelice 


vacuum-tube construction will permit. 


GENERAL RADIO COMPANY ws 
es ral . Massachusetts 
90 West St.,New York 6  -—-920 S. Michigan Ave., Chicago 5 950 N. Highland Ave., Los Angeles 38 - 
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New Property 


Chart of 
FLSA 


TRADE MARK REGISTERED U.S, PATENT OFFICE 


technical ceramic compositions 


SENT FREE ON REQUEST 


AlSiMag is the trade name of a large family of 
technical ceramic compositions. These compo- 
sitions have different physical, electrical, me- 
chanical and chemical characteristics. AlSiMag 
parts are custom made to specifications. 


The properties of the more frequently used 
AlSiMag compositions have been accurately 
determined and reproduced in chart form for 


quick reference. 


Many special AlSiMag compositions have been 
developed to meet specific conditions. These 
are too numerous to chart. If chart indicates gen- 
eral characteristics of value, modifications to 
suit your special application may be available. 


Any designing engineer, production technician 
or purchasing agent will find chart helpful in his 
search for materials for unusual applications. 


The AlSiMag Property Chart is sent free on. re- 
quest. Request as many copies as you need to 


cover your organization. Write to: 


AMERICAN 
LAVA CORPORATION 


44TH YEAR OF CERAMIC LEADERSHIP 
CHATTANOOGA 5, TENNESSEE 


ENGINEERING SERVICE OFFICES: ST. LOUIS, Mo., 1123 Wash- 
ington Ave., Tel: Garfield 4959 ° NEWARK, N. J., 671 Broad St., 


Tel: Mitchell 2-8159 © CAMBRIDGE, Mass., 38-B Brattle St., Tel: 
Kirkland 4498 © CHICAGO, 9 S. Clinton St., Tel: Central 1721 
SAN FRANCISCO, 163 Second Street, Tel: Douglas 2464 
LOS ANGELES, 324 N. San Pedro St., Tel: Mutual 9076 


Printed one side only, folded to file size. For use under 
desk glass or as a wall chart or in standard file. 
wherever electricity,. heat, chemical or certain 
abrasive or friction conditions must be con- 


eo CHART NUMBER 


PAW ET 
MECHANICAL AND ELECTRICAL PROPERTIES OF Hie Sj] MBG CERAMI 


AMERICAN: LAVA CORPORATION CHATTANOOGA TENNESSEE 
PROPERTIES DESIRED ANE MOT LISTED 
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AlSiMag technical ceramic compositions are 
extensively used as insulators for electronic 
and electrical applications; as gas burner tips; 
flame nozzle tips; for oil burner ignition insula- 
tors; spray nozzles; as thread guides for abra- 
sive yarns; as extrusion or spinnerette heads in 
certain fibre or chemical processes; as cores 
and inserts for precision castings; in work 
holders for electronic heating devices—in short 


trolled. 


ENGINEERING KNOW-HOW PRODUCTION KNOW-HOW 


..- Use Our Direct Factory Representation by Trained Fractional H.P. Engineers 


Through our engineers, we make 
available to you an accumulated 
wealth of F.H.P. motor engineer- 
ing and production know-how. 
Consult with us NOW if your plans 
call for production-run quantities of small mo- 
tors (1/500 to 1/15 H.P.) or blowers. A skilled, 
experienced factory engineer will help you solve 
your engineering and production problems right 
in your own plant . .. may help you lower pro- 
duct costs, improve product performance. Write 
today, outlining your problem. 


‘YOUR FRACTIONAL HP DESIGN PROBLEM) 
a = 


F. A. SMITH MANUFACTURING CO., INC. 
450 DAVIS STREET ROCHESTER 2, N. Y. 
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SMALLEST DIAMETER, LIGHTEST WEIGHT 
NATURAL RUBBER INSULATED WIRE 


< SAFER because of perfectly 


centered conductors. 


SAFER because 10 layers of 
pure rubber insulation guard 
against current leakage. 


SAFER because of special 


fibrous, flame-resistant cover. 


Smaller size per- 
mits more circuits 
in conduit. 


Gog U.S. Trode Move 


NG THROUGH SCIENCE 


U.S, CONSTRUCTION 


5 4 . . 4 
' al 
. 1 


‘FARM OR HOSPITAL 
Be Sure to Ask this Question 


AU uring wi a 

Wille W, 3b 
Adequate wiring—for new structures or old—is assured if the specifi- 
cations read ‘‘RU-Laytex”’. 

Electrical wholesalers, architects, engineers and contractors, familiar 
with this famous product of U. S. Rubber engineering, know from 
experience that here is the wire for modern electrification. 

For RU-Laytex, with its unique insulation of purified natural rubber, is 
today’s lightest weight, smallest diameter, rubberinsulated building wire. 

Both in physical and electrical properties RU-Laytex leads the field. 
It prevents current leakage, has greater resistance to climatic deteri- 
oration, is easier to install, permits more circuits per conduit. 


So keep that question in mind: “RU wiring with RU?” 
The right answer means greater satisfaction for all concerned. 


(RU type is approved by the National Elec- 
trical Code as a general all-purpose wire.) 


NITED STATES RUBBER COMPA 


1230 AVENUE OF THE AMERICAS e ROCKEFELLER CENTER © NEW YORK 20,N.Y. 
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T’S A FACT—you don’t need to buy so many 
different types and sizes of motor and genera- 
tor brushes! This has been established by surveys 
in various plants! A large steel company, for in- 
stance, discovered it could cut its brush items 
from 675 to 93. Another firm eliminated 2285 
“necessary” brush sizes and shapes at substantial 
savings in ordering, billing, and in inventories. 
Sponsored by National Carbon Company, Inc., 
this program of simplification of carbon, graphite, 
and metal-graphite brush needs can bring similar 
savings to you. 
By making a few simple changes in present 
brush specifications, a comparatively few stand- 
ard brush types and sizes will fill most of your 


Unit of Union Carbide and Carbon Corporation CC 


The word “National” is a registered trade-mark 
of National Carbon Company, Inc. 


HOW BRUSH 
SIMPLIFICATION 


PAYS: 


1. Price advantage 
through quantity dis- 
counts. 


2. Less money and 
space tied up in brush 
stocks. 


varied needs. 
For further facts, get in touch with our nearest 
Division Office today. Dept. EE. 


30 East 42nd Street, New York 17, N. Y. 
Division Sales Offices: Atlanta, Chicago, Dallas, 
Kansas City, New York, Pittsburgh, San Francisco 


3. Less time 
needed to handle stock, 


4. Reduction of small 
orders—saving time in 
bookkeeping, billing, 
and accounting. 
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DUMONT ie 247-A 
CATHODE. RAY USCILLOGRAPH 


Other EES ee automatic beam see Saniee : 
of single or continuous “sweep; sweep rates available — 
from .5 eps | to 50,000 cps; Zaxis me with choice a 
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Surer even than a pilot’s eyes 
... the high-freauency cable. that makes. RADAR possible 


is insulated with 


Du Pont 


POLYTHENE 


INSULATION. C7 


Radar and associated electronic develop- 
ments, born in stress of war, have im- 
portant peacetime uses immediately 
ahead. Ships and planes which, without 
radar, might be hopelessly lost in foul 
weather or fog, may now soon be located 
...come safely to harbor or airport... 
thanks to one or several of the four main 
types of radar. 


In this important work Du Pont poly- 
thene plays an indispensable part. For 
radar depends on ultra-high frequencies 


Du Pont manufactures 


CUT-BACK SECTION of a modern twin 
coaxial cable for use in direction-finding 
equipment at ultra-high frequencies (400 
to 10,000 megacycles). JAN-C-17 designa- 
tion RG-23/U; made by Anaconda Wire 
& Cable Co. The insulation, about 140-150 
mils thick, is Du Pont polythene. 


—anywhere from 2 to 10,000 mega- 
cycles! The cables that carry these cur- 
rents must have an insulating material 
of low electrical losses—which at the 
same time is flexible at low temperatures. 
Du Pont polythene meets both these 
requirements, 


Other properties of Du Pont poly- 
thene: outstanding chemical inertness, 
light weight (specific gravity 0.92), low 
moisture permeability, flexibility in thin 
sections, rigidity in thick. For com- 


plete data sheet, write to E. I. du Pont 
de Nemours & Co. (Inc.), Plastics Dept., 
Room 1612, Arlington, N. J. 


polythene molding powder. Yy Yo 
SHEETS i TUBES RODS FILAMENTS 
Commercial extruders convert f S 
polythene into the forms of a 
DECEMBER 1946 Please mention ELECTRICAL ENGINEERING when writing to advertisers 25 


26 


AIEE : 
STANDARDS 


A discount of 50%, on single copies is allowed to Institute members (except as noted). 
Such discount is not applicable on extra copies unless ordered for other members. 


501 
503 
520 


{602 


General Principles Upon Which Tempera- 
ture Limits are Based in the Rating of 
Electric Machinery and Apparatus 
(June 1940) 

Report on Guiding Principles for Specifica- 
tion of Service Conditions (May 1944). . 

Guiding Principles for Selection of Refer- 
ence Values for Electrical Standards 
(Oct. 1943) 

Measurement of Test Voltage in Dielectric 
Tests (1942) (ASA C68.1) 

Rotating Electric Machinery on Railway 
Locomotives & Rail Cars & Trolley, Gas- 
oline-Electric & Oil-Electric Coaches 
(Jan. 1943) (ASA C35.1) 

Industrial Control Apparatus (ASA C19.1) 
(1943) 

Electric Railway Control Apparatus (Jan. 
1933) (ASA C48) 


Letter Symbols for Electrical Quantities 
(Noy. 1928) (ASA Z10gl) 


Capacitors (June 1934) (ASA C55) 
Air Circuit Breakers (May 1930) 


Apparatus Bushings (July 1943) (ASA 
C76.1) 


Air Switches and Bus Supports (June 1942) 

Fuses Above 600 Volts (Mar. 1945) 

Switchgear Assemblies (Aug. 1942) 

Lightning Arresters for A-C Power Circuits 
(ASA C62.1) (1944) 

Wet Tests (July 1943) (ASA C77.1) 

Wires and Cables (Definitions and General 
Standards) (1944) (ASA C8.1) 

Capacitance Potential Devices and Outdoor 
Coupling Capacitors (Jan. 1944 

Storage Batteries (Feb. 1928) (ASA C40).. 

Recommended Practice for Electric Instal- 
lations on Shipboard (December 1945). . 

Hard Drawn Aluminum Conductors (June 
1927) (ASA Cll) 

Expulsion Type Distribution Lightning Ar- 
resters (Dec. 1945) 

Test Code for Polyphase Induction Ma- 
chines (Aug. 1937) 

Test Code for Direct-Current Machines 
(July 1941) 

Test Code for Synchronous Machines 
(June 1945) 

Test Code for Apparatus Noise Measure- 
ment (Mar. 1939) 

Preferred Standards and Standard Speci- 
fication Data for Large 3600-rpm, 3- 
Phase, 60-Cycle Condensing Steam 
Turbine Generators (May 1945) 


*C8.5 | ( Specifications for Cotton Covered Round] 


*C8.6 


( 
| 
) 
|.ca7 
( 


Copper Magnet Wire (1936) 


Specifications for Silk Covered Round 
| Copper Magnet Wire (1936) f 


| Specifications for Enameled Round Cop.| 
per Magnet Wire (1936) 
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**C8.11 


$0.40 *Cg12 


.10 
*C8.16 


30 **C8,17 


.40 
*C8.18 


*C8.19 


*C8.20 


*C29.1 
[C3Tal 


*C37.2 


*C37.4 
*C37.5 


*C31.6 
*C37.7 


*C37.8 
*C37.9 


Standards on electric machinery and 
apparatus chiefly devoted to defining 
terms, conditions, and limits which 
characterize behavior, with special ref- 
erence to acceptance tests. 


Specifications for Code Rubber Insulation 
for Wire and Cable for General Purposes 


Specifications for Cotton Braid for Insu- 
lated Wire and Cable for General Pur- 
poses (1942) 

Specifications for Rubber-Insulated Tree 
Wire (May 1940) 

Specifications for Class AO 30 Percent Rub- 
ber Insulation for Wire & Cable for 
General Purposes (1936) 

Specifications for Weather-Resistant Wire 
and Cable (URC Type) (1942) 

Specifications for Weather-Resistant Satur- 
ants & Finishes for Aerial Rubber-Insu- 
lated Wire & Cables (1939).........-. 

Specifications for Heavy-Walled Enameled 
Round Copper Magnet Wire (1939)... . 


Automatic Station Control, Supervisory & 
Telemetering Equipment (Dec. 1945)... 

Alternating-Current Power Circuit Break-) 
ers (1945) 

Methods for Determining the Rms Value of 
a Sinusoidal Current Wave and a Nor- 
mal Frequency Recovery Voltage (1945) 

Schedule of Preferred Ratings for Power 
Circuit Breakers (May 1945) 

Operating Duty (Duty Cycle) for Standard 
and Reclosing Service (1945) 

Rated Control Voltages (1945) 

Test Code for Power Circuit Breakers 
(1945) 

(C37.4 through C37.9 Pgh oe in one beoklet as 


a revision of AIEE No. 19. No discounts apply on 
price of this publication) 


Electric Indicating Instruments (1938).... 
Definitions of Electrical Terms (1941) 


(No discounts apply on price of this publication 
($1.25 outside postal USA)) 


Rotating Electric Machinery (1943) 
(No discounts apply on price of this publication) 


Transformers, Regulators and Reactors 
(1942) 
Test Code for Transformers (1942) 


Guides for Operation of Transformers 
and Regulators (1942) 
lio discounts apply on price of this publication) } 


Graphical Symbols for Electric Power and 
Control (March 1946) 


Graphical Symbols for Telephone, Tele- 
graph and Radio Use (1944)........... 


Graphical Electrical Symbols for Architec- 
tural Plans (1943) 


Graphical Symbols for Electronic Devices 
(1944) 
Total Cost of Complete Set (Non-Member). $20.40 
(Member). $12.45 


Binder with durable, stiff covers, resembling leather, available. Price $1.75 
net per binder. Two binders necessary to hold a complete set of standards. 


* Approved as American Standard 
** Approved as American Tentative Standard 


American Institute of Electrical Engineers 


33 West 33th Street, New York 18, N. Y. 
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The New Way to 


LA 


harnesses 


PLASTIC 


Whenever equipment wiring must withstand severe operating 
conditions, attacks from moisture, oils, and chemical fumes 
as well as mechanical abuse, wrap harnesses and leads with 
protective Fibron Plastic Tape. This black or transparent tape 
is tough, remains flexible at low temperatures, and has good 
insulating properties. 

Extremely elastic, Fibron Plastic Tape wraps smoothly and 
evenly over irregular surfaces and will not bulk in sharp 
corners. 

Can be Fused into Homogeneous Structure 
Ends can be instantly bonded by heat sealing, or the completely 
wrapped harnesses infra-red or oven baked to form a solid 
mass of insulation, 

Note the outstanding characteristics of Fibron Plastic Tapes 
as listed below. Plan to test these products now. Generous 
samples will be gladly sent on request. 


Outstanding Properties of Fibron Plastic Tapes 


#1 #3 
Black Transparent 
bY ” ud 
Transparent Fibron Plastic Tape permits ready inspection. Thicknesses ete ts .020 
Plastic gaskets also available. ohio 
Widths YZ" to 3” VY" to 3” 
Dielectric Strength (.012’’ tape) 1000 VPM 750 VPM 
Tensile Strength, Ib. per sq. in. 
(dumbell specimen tested) 1600 1600 


—— 
250% to 400% 350% 


FaNINeTg ° Elongation 
(<N Vaunish and Jnsutalor Compranry ssicieness Temperature —41 deg. C. —38 deg. C. 
he Vs 

ee 


Bonding Temperature (depending 


<i : hod. used 130°-150°C. 135°-155°C, 
“Irvington 11, New Jersey, U.S.A. Shecine Grevity ) pees ane 
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Hot Spot Wiring on a 


Basis... 


“Cost Plus”’ 


You Don’t Have to Add 
Maintenance Costs to the 
Price of Rockbestos A.V.C. 


The important question when buying cable for 
hotspot installations is not “What’s the price?” 
but ““What’s the long-term cost?” 


Judged on this basis Rockbestos A.V.C. wires 
and cables win the economy handicap by many, 
many lengths. And the reason for this outstanding 
superiority is that they are permanently insulated 
with impregnated felted asbestos. 

This time-enduring protective covering permits 
them to take intense heat (even up to 230° F.) 
without baking out, cracking or flowing — to 
withstand repeated heating and cooling cycles. 
And they won’t rot, bloom or swell when at- 
tacked by corrosive fumes, oil or grease. 

Install Rockbestos A.V.C. in circuits to boiler 
feed pumps, coal grinding mills, precipitators, 
exhausters, valve controls, draft fans, ash pits 
and slush pumps — wherever heat and fumes are 
a maintenance headache — and watch re-wiring 
costs go down! 

Send for a catalog describing single and multi- 
conductor constructions, lead sheathed and ar- 
mored, and many Rockbestos-developed National 
Electrical Code types. 


ROCKBESTOS PRODUCTS CORPORATION 
170 Nicoll St., New Haven 4, Conn. 


ROCKBESTOS A.V.C. 


The Wire with Permanent Insulation 


NEW YORK BUFFALO CLEVELAND CHICAGO 
PITTSBURGH DETROIT ST. LOUIS LOS ANGELES 
SAN FRANCISCO SEATTLE PORTLAND 
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Are You Buying 
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Rockbestos A.V.C. 
These Advantages 


Gives You 


The cable illustrated, Type AVA, Rockbestos 
A.V.C. 600 Volt Power Cable, and similarly in- 
sulated Motor Lead and Apparatus Cable, have a 
maximum operating temperature of 230° F., and 
these maintenance-eliminating features: 


e A tough impregnated asbestos yarn braid, re- 
sistant to heat and moisture, flame, corrosive 
fumes, oil and grease. 


¢ Heat, flame and moisture resistant impregnated 
felted asbestos insulation that won’t dry out, 
crack, flow or rot. 


e Asbestos-protected varnished cambric for high 
dielectric strength and added moisture resistance. 


e Inner wall of impregnated felted asbestos that 
withstands conductor-heating overloads and won’t 
bake brittle or burn. 


¢ The conductor is perfectly and permanently cen- 
tered in helically applied non-flowing insulation 
that provides greater current carrying capacity. 


125 different constructions, in voltage ratings ranging 
from 800 to 5000 have been designed by Rockbestos 
for severe or unusual operating conditions. 
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KND TOUGH GOING TO GET THERE . . . WOULD BE 
A “NATURAL” FoR TowerRS OF ALCOA ALUMINUM 


SS The lighter weight of Alcoa Aluminum structural shapes greatly simpli- 
F oper pata i fies the transportation of materials to sites like this. It makes erection 
a 
Se 


easier, too—facts well worth remembering when you're designing towers 
for out-of-the-way places. 

Even if you don’t have a right-of-way over this kind of country, 
there’s another way Alcoa Aluminum can simplify your operation. 

Aluminum is highly resistant to corrosive attack; it normally needs no 
protective painting. Use Alcoa Aluminum structural shapes, therefore, 
in the upper portions of your towers and eliminate the need for costly 
and hazardous painting. 

Designers and operating men interested in this idea may obtain full 
data on Alcoa Aluminum structural shapes through the nearby Alcoa 
office. Or write ALUMINUM Company or America, 2149 Gulf Building, 


Pittsburgh 19, Pennsylvania. 


Aluminum normally needs no protective painting. 
ere ; f : REG. T. M. 


“ALCOA atuminum © 


“FORM | 


COMMERCIAL 


IN. EVERY 
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‘in ratings up to 50 
| Below: Aerovox Se ick- 
mounting Hyvol impregnated and 
filled capacitors in ratings vp_———— 

to 150,000 v. : . 


[MODERN 
CABLES //, 


9s 


LANS for today’s airport, building, 
and highway construction are thoroughly 
modern. They call for underground power 
lines, and with an eye on increased per- 
formance at decreased expense specify 
ANHYDREX* underground cables. 


Simplex - ANHYDREX underground 
cables may be installed in ducts or buried 
directly in the soil without any outer 
coverings. 


A tough rubber jacket provides pro- 
tection against the injurious effects of 
abrasion and acidity, and eliminates the 
sheath currents and electrolysis common 
to metallic-covered cables. 


The ANHYDREX insulation is the 
most moisture-resistant rubber compound 
known to the wire and cable industry 
and even constant immersion in water 
will not impair either its physical or 
electrical properties. 


It never pays in savings or perform- 
ance to be behind the times, but it will 


to specify ANHYDREX cables for your 
next construction job. 


*Trade Mark Reg. U. S. Patent Office. 


Simplex Wire & Cable Co. — 


79 Sidney Street, Cambridge, Mass. 
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A pe Se Oe ge 


/ 


@ For those extra-severe-service applications of the 
largest capacitors, as well as others, Aerovox units have 
that extra stamina that makes them last. Decades of 
specialization provide an experience background 
second to none in solving all kinds of capacitor prob- 
lems; unexcelled production facilities assure QUAL- 
ITY as well as quantity. 


Aerovox capacitors are liberally engineered for their 
individual applications. Special multi-layer capacitor 


tissues ... long-life, non-inflammable Hyvol impreg- 
nant and fill . . . constant filtration as regular produc- 
tion routine... thorough evacuation and impregnation 


. +» positive hermetic sealing—these facts of Aerovox 
craftsmanship spell long, trouble-free service. 


Aerovox capacitors in daily use speak for them- 
selves. No finer capacitors are built. Aerovox engineers 
stand ready to meet your most severe requirements. 


@ Submit your capacitor problem. The 
tougher the better! Write for literature. 


FOR 
RADIO-ELECTRONIC AND 
INDUSTRIAL APPLICATIONS 


i 
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ON NEW ROCKER ARM 


Slash Labor Costs 

Cut Production Time 
Guarantee Accuracy 
Simplify Maintenance 


48 WALDES TRUARC RETAINING RINGS 


“a 


E’VE FOUND TRUARC A NATURAL FOR 
AUTOMOTIVE APPLICATIONS!” reports Twin 
Coach Company, of Kent, Ohio. Their new 
Fageol Twin Coach engine uses a total of 52 
Waldes Truarc Retaining Rings—48 on rocker 
arm, 4 on water pump and oil pump drive—to 
develop the remarkable efficiency of 1 hp. per 
4.7 Ibs. (the average pre-war gasoline bus en- 
gine produced 1 hp. for each 9 lbs., diesel 
engine 1 hp. for each 10 lbs.) 


Automotive designers are specifying Truarc 
rings in transmissions, clutches, brakes, steer- 
ing mechanism, and other vital assemblies. 
Production and maintenance men find that 
Truarc cuts costs sharply, is a superior solu- 
tion to fastening problems because of its 
never-failing grip, its patented design assuring 
constant circularity. Send us your drawings; 
Waldes Truarc engineers will be glad to show 
how Truarc can help you. 


Visit Truarc Booth - Power Show - Grand: Central Palace, New York - December 2-7 


WALDES 


TRADE MARK U. S. PAT, RE, 18,144 


RETAINING RINGS 


WALDES KOHINOOR, INC., LONG ISLAND CITY 1, NEW yorK/_—__$_—_$_$_$_—__» ~~~ — —— — — — — -—— — — 


Waldes Kohinoor, Inc., 47-10 Austel Place 
Long Island City 1, N. Y. 


Zone. State 


City. 
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Please send Catalog No. 4 on Truarc Retaining Rings to: 


Address————_——————————————————— 
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ate a Over 20,000 copies 
aluable of each sold already! 


Reference Books 


DEFINITIONS OF ELECTRICAL TERMS 


This is the first time the definitions of the important terms common to all branches of the art as 
well as many specifically related to each of the various branches have been assembled and printed 
under one cover. 

The volume is of major interest to all branches of the electrical profession and an invaluable 
aid to engineers, scientists, technicians, editors, teachers, students, manufacturers and many 
others. Priced exceptionally low for a publication of this character—to insure maximum distribu- 
tion and service. One dollar per copy—No discounts allowable 


ELECTRIC POWER DISTRIBUTION FOR INDUSTRIAL PLANTS 


This report outlines sound engineering principles in the design of electric power distribution 
systems for industrial plants and in the selection of equipment for these systems from the point 
of entrance of the power company service or the plant generating bus to the terminals of the 
utilization devices. One dollar per copy—No discounts allowable 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS - 33 W. 39th St., New York 18 


Change of Mailing Address American Standard Symbols 


Z32.3 Graphical Symbols for Electric 
Power and Control (March 1946) .40 


Z32.5 Graphical Symbols for Telephone, 


Mention 


City & State Zone No Telegraph and Radio Use (1944) .30 


O If a Student Member please check here and Z32.9 Graphical Electrical Symbols for 
omit the following : 
Architectural Plans (1943)....  .20 


To assure a correct entry in the YEAR BOOK 232.10 Graphical Symbols for Electronic 


please also furnish: Devices (1944) 


Complete Set $1.10 
Company Name 


Company Address Member discount of 50% 


on single copies 
Department 


Title enter . . . . 
hosn. sesigtod American Institute of Electrical Engineers 
Hees Anes 33 West 39th Street, New York, 18 
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DELAY 
RELAYS 


PROVIDE DELAYS RANGING 
FROM I TO 120 SECONDS 


Other important features include: 
1. Compensated for ambient tempera- 
ture changes from —40° to 110°F. 


2. Contact ratings up to 115V-10a AC. 


3. Hermetically sealed — not affected by 
altitude, moisture or other climate changes 
. . . Explosion-proof. 


» 4. Octal radio base permits 
_ easy replacement. 


5. Compact, light, rugged, 
inexpensive. 


. Circuits available: SPST 
fermally Open; SPST Nor- 


YOUR PROBLEM? 

"Special Problem 

and Descriptive 
the 


AMPERITE CO. 


561 BROADWAY 
NEW YORK. 12, N. Y. 
Canada: Atias Radio Corp., Ltd. 

ng St. W., Toronto 


at 


AIEE REPORTS 


Issued for trial use and criticism 


6 Pool Cathode Mercury-Are Power Converters (June 1946) 
24 Protector Tubes (July 1940) 
32 Neutral Grounding Devices (June 1942) 
502 Test Code for Single-Phase Motors (Nov. 1941) 


600 Recommended Specification for Speed Governing of Prime 
Movers Intended to Drive Electric Generators (July 1944) 


700 Aircraft D-C Apparatus Voltage Ratings (Mar. 1945) 


No charge for copies 


American Institute of Electrical Engineers 
33 West 39th Street, New York 18 


Electrical Design Engineer 
UNDERGROUND LINES 


Opportunity for permanent placement with a Large Utility Cor- 
poration is currently available to a Graduate Electrical Engineer 
able to qualify as follows: 

Thorough knowledge of modern power cable work, including 
high voltage transmission cable. Considerable practical experience 
in cable engineering and operating all voltages. Experienced in 
the preparation of designs, estimates, reports, etc. Take charge of 
cable engineering staff. 

State details in full concerning above; age and approximate 
salary desired, date available and address all replies to 


Employment Supervisor 
B. C. Electric Rly. Co. Ltd. 
Vancouver, B. C. 
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HYLINK 


HYTOOL 


The NEW Hydent Catalog contains 64 pages 
of illustrations, tables and important technical 
data concerning Burndy Hydent (indent-type) 
solderless, electrical connectors; as well as tools 
for their installation on conductors from #22 
to 2000 Mcm. 

Burndy Hydent (one-piece) connectors pro- 
vide strong, low-resistance, quickly-installed and 
inspected permanent connections when indented 
on conductors with manual, pneumatic or hy- 
draulic tools. Hydent connectors are available 
in a variety of shapes and sizes in both aluminum 
and copper, for use on power line, industrial, 
automotive, household, marine, aircraft, elec- 
trical and electronic equipment. Write for 
Catalog Y46, 


END TODA 


Please send copy of Y46 to: 


Nannerl 
Tiles ee 
Compahy——__—_—_$<—$_—_ —————_, aoe 
Address ee nn 
City Zone____—__state 


BURNDY, New York 54, N. Y. 


Jn Canada: Canadian Line Materials, Limited, Toronto 13 
Foreign: Phillips Export Corporation, New York 17, N. Ys 
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WHAT TYPE OF 
Jewel Atsemlly 
DO YOU \ERD? 


No matter what type or size of 
Jewel Light Assembly you need, 
chances are we can produce it 
for you quickly, more satis- 
factorily, and at lower cost! 
Here, every facility is available 
for high speed quantity pro- 
duction . . . speedy, efficient, 
economical service. Drake pat- 
ented features add greatly to the 
value and dependability of our 
products. 


You'll like the friendly, intelli- 
gent cooperation of our engi- 
neers. Let them help you with 
signal or illumination problems. 
Suggestions, sketches, cost esti- 
mates or asking for our newest 
catalog incur no obligation. 


DRAKE MANUFACTURING CO. 


1713 W. HUBBARD ST., CHICAGO 22, ILL. 
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test codes, or revisions of 
present publications, which 
are in the formative stage. 


They are made available, 
without cost, so that all in- 
terested individuals may ob- 
tain them for study and com- 
ment, thereby supplying 
practical experience in their 
use before submission for 
adoption. 


6 Pool Cathode Mercury- 
Arc Power Convert- 
ers (June 1946) 


94 Protector Tubes. 
1940) 


32 Neutral Grounding De- 
vices (June 1942) 


502 Test Code for Single- 
Phase Motors (Nov. 
1941) 


600 Recommended Specifi- 
cation for Speed 
Governing of Prime 
Movers Intended to 
Drive Electric Gen- 
erators (July 1944) 


700 Aircraft Direct-Current 
Apparatus Voltage 
Ratings (Mar. 1945) 


(July 


No charge for copies 


American Institute of 
Electrical Engineers 


33 West 39th St., New York 18 


These publications are pro- 
posals for new standards or 


Siiconey 


> 


Silicone Insulated Motor 

failed after failed after A 
3760 hours at 200°C. 5178 hours at 300°C. 
In spite of operation for a longer time at a temperature 
100°C. above the operating temperature of the Class B 
motor, both windings look about alike and show about 
the same degree of deterioration. 


Class B Insulated Motor 


For three years we have subjected Silicone 
insulated motors to accelerated life testing 
in our Motor Test Laboratory—trying to 
make them fail so that we would have a 
better idea of how good Silicone insulation 
really is. In addition to drastic thermal aging 
at 200°C. to 310°C. (590°F.), the test cycle ’ 
includes exposure to 100% relative humidity 
for 24 hours followed by a high potential 
test. Even with such abuse, only one Silicone 
insulated motor has failed—and that is a 
most significant failure. 

You can do a lot with a margin of 100°C, 
above the top limit for Class B insulation. 
Before long that will show up in new designs 
for motors. Right now standard frame 
motors rewound with Silicone insulation will 
give you: 

Much greater reliability. 

Greater overload protection. 

Immunity to ambient temperatures, 

Greater moisture resistance. 

Reduced fire hazards. 

Instructions on how to apply DC 996 are 
contained in leaflet No. A 3-2. 


AND ALSO there are now available DC 
Silicone Greases described in leaflet No. 
47-2; Silastic® insulated lead wire; and DC 
Silicone paint resins to supplement silicone 
insulation for motors operating at high 
temperatures, 


‘Trade mark, Dow Corning Corporation 


DOW CORNING CORPORATION 
MIDLAND, MICHIGAN 


Chicago Office: Builders’ Building 
Cleveland Office: Terminal Tower Building 
New York Office: Empire State Building 
In Canada: Dow Corning Products Distributed 

by Fiberglas Canada, Ltd., Toronto 


SS gether 
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LOOK 
WHAT’S 


HAPPENED TO 


TRANSMISSION 


INSULATORS 
in @5 


YEARS! 


Earliest claims of operating superiorities of the 
Lapp Post design for high voltage insulation 
made sweeping promises. This was the design 
that would eliminate radio interference, that 
could not puncture or crack, that would stay in 
service through severe arcover and mechanical 
attack, that would serve, even without cleaning, 
under atmospheric contamination that defied any 
conventional insulators. 

If you were skeptical about an unproved design 
that claimed so much, we don’t blame you; a lot of 
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engineers were. But that’s more than 15 years now. 
For those 15 years, the Lapp Line Post and the 
Lapp Station Post have been proving—in many of 
the most troublesome spots on the transmission 
systems of America—their right to these claims. 
Theirs is a 15-year service record that makes our 
original claims and hopes look modest. For, 
through those 15 years, lines on Lapp Posts have 
had fewer insulator outages, have required fewer 
replacements and less maintenance than com- 


parable lines on any other type of insulator. 
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HUNTER 


“Mechanical:an 


‘ 


, W 


Metal Stampings 


Forms, 


Springs, 


PEOPLE who follow our advertisements or pop in on us at Lansdale often say, 
*““Why so much equipment just to test a spring?” Good question! 

Making and testing a few springs is one thing. Making and testing hundreds, 
thousands or millions of springs is something else again. A very different something 
else if you want the kind of springs that can breeze by close specifications. 

In order to implement our statistical control of quality (so effective in insuring 
better springs)... in order to give you springs that really meet tolerances and to 
‘know that we know they are right . . . we found it necessary to conceive, design and 


then even to build our own testing machines. 


We show you a few of the machines on these two pages, some mechanical, some 


electronically operated. 


Y 
: 
: 
i 
| 


in BRUSHES 

for high current density © mini- 
mum wear @ low contact drop® 
Jow electrical noise @ self-lubri- 
_ cation 


_ in CONTACTS 
_for low resistance @ non-welding 
character — 


_ GRAPHALLOY works where others won't! 
Specify GRAPHALLOY with confidence. 


CORPORATION 


1053 NEPPERHAN AVENUE, YONKERS 3, NEW YORK 
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; +A special silver-impregnated graphite 


“GRAPHITE. METALLIZING 


4 


DEFINITIONS OF At 


ELECTRICAL 
TERMS 

Send for okt oe: | 
today! 


Over 20,000 copies of this 


American and Canadian 
Standard have been sold, 
indicating the widespread 
need for a reference work 
of this character. 


This is the first time the 
definitions of the important 
terms common to all branches 
of the art as well as many 
specifically related to each 
of the various branches have 
been assembled and printed 
under one cover. 


The volume is of major in- 
terest to all branches of the 
electrical profession and an 
invaluable aid to engineers, 
scientists, technicians, edi- 
tors, teachers, students, 
manufacturers and many 
others. Priced exceptionally 
low for a publication of this 
character—to insure maxi- 
mum distribution and service. 


312 pages, 8 x 11 inches; 
Blue fabricoid binding with 
gold lettering; thoroughly 
indexed, 


Price $1.00 
($1.25 outside postal USA) 


Published by 


American Institute of 
Electrical Engineers 
33 West 39th St., New York 18 


CONCORD 
Concord has them! Radio and Electroni 
Supplies and Equipment of every kind, 


need... long awaited, hard-to-get items 
merchandise, just received Hundre: 


ains ., . in stock NOW for IMMEDIA' 
ENT from CHICAGO or ATLANTA. 


WELLS-GARDNER BC-348-N Com- 
munications Receiver. 6 Bands—200-500 KC. 
and 115 MC. to 18 MC. in 5 Bands. 2 stages RF., 3 
stages IF., Beat Frequency Oscillator, Crystal IF. 
Filter, Manual or Automatic A.V.C. Complete with 
tubes and 24 V.D.C. input dynamotor power supply, 
but supplied with complete instructions and dia- 
grams for converting to 110 V.A.C. 60 $53 95 
cycle operation. BC-346-N... . . 


CARBON THROAT 
MICROPHONE 


ALNICO V 5’P. M. i i 
SPEAKER — Will work into any 200 


New Alnico V magnet 
provides maximum per- 
formance with minimum 
weight. Normal wattage 
8, peak wattage 4. 
V.C. impedance 3.2 ohms. 


ohm impedance input 
circuit. Has adjustable 
strap to fit any neck, 
Ideal for ultra high fre- 
quency mobile work for 
hams. Supplied with 


savoos .: 91.98 pig. sazoco.. 49° 


VHF Midget Su er EYER IO 
9003 coneret Hh Hi-Voltage 


'Y DUTY LINE FILTER C d 

Solar Elim-O-Stat. Com- on enser 
pletely shielded. Type $] 79 Large 3 mfd., 4000v. 
EN106. 5B3218 Each . ae — 
metically sealed in 
Wire STRIPPER an aluminum can, 
Strips wire instantly! Fastens Size 4!6 x 311/16 x 
to bench or other support. Wire 754" high. $4 95 

stripped toany length. Stripswire 5B3168 . 


up to 12MM diam, Each 98° 
GLS26B 27... wines D.C. MILLIAM.- 
c METERS 

TU NER UN | [ TU-10-B nage ele 
Continuous frequency range [fYP® Black dull fin- 
from 10 MC. to 12.5 MC. VFO jin, Sakelite case; 
oscillator tuning section, buf- —Large, clearly legi- 
fer, coupling, capacitors and ble dia) calibrations, 
choke & buffer output match- Either 5B4122— 
ing tapped coil & condenser, Bhattace cal 
Size16%" lg. x 754" h. $9 95 M.A.D.C. ¢ 

5/2" deep. AS54132 . Special . . S24 


T-17-B 200 Ohm Carbon Mike. Lightweight, 
with press-to-talk button, Built-in filter to suppress 
carbon hiss. 5” rubber covered cable and $ 

PL-68 3-circuit plug supplied. SB7062 , 2.49 
Midget Volume Control — 1 Meg. ohm Standard 
%*“ Bushing, 14" dia. Shaft. 3{"long, with split 35° 


spline for push-on knob, C8154 


STANCOR Universal Output Transformer Type 
A3856, Primary for all single or push-pull platen! 
Secondary adjustable from 1 to 30 ohms, Two-inch 
mounting centers. 4 watts at 35 mils. 

C1678, SPECIAL... y eee 


Write for catalog of Radio Parts and Electronic Equip- 
ment. Packed with Radio Needs—new and scarceitems 
—Bargains. Write Dept. C-126 


A a 
RADIO CORPORATION 
LAFAYETTE RADIO CORPORATION 
CHICAGO 7 “> ) ATLANTA 3 
901 W. Jackson Bivd.  °265 Peachtree Street 
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that pays for itself 
in cost reduction 


TRUMBULL ELECTRIC 
FEEDER DISTRIBUTION SYSTEMS 


In exactly the same way that accidents, road blocks and costly maintenance plague the 
highway department when a road system is inadequate—so do plant managers pay for 
inadequate electrical power distribution. 


Machines cannot efficiently operate at less than their rated voltage—overloaded lines in your 
plant mean costly patching of your distribution system—Monry Out Or Your POcKET. 


| 


Your inadequate distribution system is no doubt making you pay now for a full-powered, 
low-cost Trumbull Feeder Distribution System. 2 


Trumbull Buss-Wa Systems (main feeders) Flex-A-Power (branch feeders) and 
Control Centers (motor control distribution) are available to you NOW. 


Write directly to Trumbull Electric Mfg. Co., Plainville, Conn., for further 
information. 


THE TRUMBULL ELECTRIC MANUFACTURING CO. ¢ PLAINVILLE, CONN. 


Other Factories at NORWOOD, OHIO * LOS ANGELES * SAN FRANCISCO °* SEATTLE 
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NO CEILING ON QUALITY 


We are not satisfied merely to offer you magnets 
which come up to the proposed R.M.A. standards 
. .. this is our minimum requirement. A quality 
floor below which we refuse to go. 


Nor are we satisfied that ordinary production and 
inspection methods offer you adequate quality pro- 


tection . .. we individually test each Arnold magnet 
in a loud speaker structure before shipment. 


Another ‘individual touch” which has contributed 
to winning industry-wide customer acceptance for 
Arnold magnets is our established minimum stand- 
ard of 4,500,000 BHmax for Alnico V material, 


Over five million Arnold loud speaker magnets of 
the R.M.A. type have been produced since V-J Day 
under these quality safeguards, Continued adher- 
ence to them assures you of long-lived, dependable 
product performance. 


In the mass-production of magnets, the Arnold 
“individual touch” does make a difference. Let 
us give you the whole story. 


THE ARNOLD ENGINEERING (COMPA Y 


“SUBSIDIARY OF ALLEGHENY LUDLUM STEEL CORPORATION 
147 EAST ONTARIO STREET, CHICAGO 11, ILLINOIS 


| Specialists in the manufacture of ALNICO PERMANENT MAGNETS 
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@ Soundly Engineered 


@ Quantity Produced 
@ Prompt Deliveries @ 


WIRE WOUND & 
i, RESISTORS 


Sturdy construction (as shown in the 


accompanying diagram) is but one 

characteristic of Hi-Q Wire Wome haa a 2 
on - 5 HUM, 

sistors. The others are precisi esol ‘on 


— = 


ing, wide range of types, sizes and 
ratings and quantity production. Stan- 
dard units are available in capacities 
from 5 to 200 watts with outside di. 
mensions of 5/16” x 1” to 1-14” x 12 
and resistance values up to 100,000 
ohms. Where required, special units 
are engineered to specific jobs. 


OTHER COMPONENTS 
C. N. TYPE 


CERAMIC 
CAPACITORS 


Durez Coated CAI TYPE 


STAND-OFF 
CONDENSERS 


ELECTRICAL REACTANCE CORP. 
FRANKLINVILLE, N.Y. 


150 VARICK STREET 


NEW YORK 13, N.Y. 
EXPORT Divi 


ORK 16, H,V.. CABLES: “ARLAR” 
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Coors insulators 
being assembled 
in rectifier units. 


Battery of twenty-four 
12-tank Allis‘Chalmers 


Excitron Assemblies 


supplying power to two Aluminum 
reduction circuits; high-speed anode 
* breakers on left, cathode breakers 
on tight. as 


car 


Coors 


ELECTRIC INSULATION for difficult 


applications—made to special order— 


PORCELAIN COMPANY 
GOLDEN, COLORADO 


It is simple. 
after Universal engineers and production know-how had 
translated (in quantity) the complex slots, holes, countersink- 
ing and bosses of the blue print into the fine porcelain insu- 


But that sturdy simplicity was attained only 


lator shown here. It offers advantages not be found in 
_ many. other insulating materials—it has high dielectric and 


ELECTRONIC 
ENGINEERING 
HANDBOOK 


For radio-electronic specialists this 
Caldwell-Clements book provides a 
convenient, authentic source of for- 
mulas and principles, as well as the 
latest in electronic applications. 
Electrical operating and executive 
engineers will find here the solu- 
tions to many production problems. 
Easily understood by anyone with a 
knowledge of basic electrical. prin- 
ciples and simple circuits. Free 
from involved mathematical explan- 
ations. Section | covers Vacuum 
Tube Fundamentals; Section II, Elec- 
tronic Circuit Fundamentals; Sec- 
tion Ill, Electronic Applications; 
Section IV, Vacuum Tube Data. 


456 Pages ° $4.50 Both books 6x9 inches, bound 
in limp leatherette covers, 
open conveniently flat. 


560 Illustrations 


Once You 


_ PRACTICAL WORKING TOOLS 
) FOR THE ENGINEER® 


= 00020008 
UP TO § 
THE e@ 


MINUTE! $ 
CO 


ELECTRONIC 
CONTROL 
HANDBOOK 


Here are all the essential data nec- 
essary to determine the worth of 
an electronic contrél device; a de- 
pendable guide toward your taking 
advantage of the cost-cutting, pro- 
duction-speeding, quality-control 
possibilities of electronic devices. 
Gives you facts to intelligently bal- 
ance the advantages of electronics 
against mechanical and other meth- 
ods of control. Easily understood 
without advanced knowledge of 
electronics. Section 1, Basie Ele- 
ments of Control; Section II, Con- 
version Elements; Section Ill, Elec- 
tronic Modification Circuits; 
Section IV, Activation Elements; 
Section V, Control Applications. 


350 Pages + $4.50 
Hundreds of Illustrations 


ee eee ee ee 


CALDWELL-CLEMENTS, INC. 


. ‘ ‘ ‘ ] 
physical strength, it resists shock, strain, heat, cold, fumes, Ger Theee ; 
moisture and corrosion. It does not carbonize, eliminating Books in “seal Inc: aces rate | 
flash-over and dielectric failure, and it does not deteriorate Your Hands [Publishers to the electronic = industries since 1925 on es ee : 1 
: n ; ‘ ; I You'll Always Send books checked. If not satisfied, will return 
under arcing. Universal porcelain engineers will be glad to pce ne y within five days. Otherwise will remit payment. —— | 
assist in your insulator problems. mete UY (] ELECTRONIC ENGINEERING HANDBOOK $4.50 
cat Your [] ELECTRONIC CONTROL HANDBOOK $4.50 | 
Fingertips 
ag INCU iatte rites ceeee ccd cca aele sera te ate rie cbots evecnronam eer steprauere | 
THE UNIVERSAL ctay propucts co Aare | 
ests ‘ Approval. 4 City and State. | 
EAST FIRST STREET ° SANDUS ul I Company Naime...........c..c-ccessssssossossesscossosenssnensenacatoneresene | 
DECEMBER 1946 Please mention ELECTRICAL ENGINEERING when writing to advertisers 41 


42 


BLACK & VEATCH 
Consulting Engineers 


Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Constructions, 
Valuation and Tests 


4706 Broadway KANSAS CITY, MO. 


Fellow AIEE 
REG. 1934 Member IRE 


GISBERT L. BOSSARD 


Development Engineer 
Electrical — Mechanical 


Including Patent Consultation & Negotiations 
Affiliated with Fairchild Engineering Co. 


United Office Bldg., 2012 W. 25 St., Cleveland 13, O. 


REG. 1911 MEM. AIEE 


CHRISTIAN E. BROWN 


Mechanical and Electrical Engineer 
DESIGNS—SPECIFICATIONS—REPORTS 
Tel. 7046 MANCHESTER, CONN. 


Member AIEE 
JULIEN H. DAVIS 
Consulting Engineer 


Industrial 
Utility—Electrical—Mechanical 


1730 West Slauson Ave. 
- Los Angeles 44, Calif. 


FAIRCHILD Established 1927 
ENGINEERING CO. 
Research — Development 

Design — Tooling 
A Complete Product Development Service 
United Office Bldg., 2012 W. 25 St., Cleveland 13, O. 


STANLEY B. HARE 


Consulting Engineer 
Electrical Design 
Commercial and Special Motors 


2881 Camulos Pl. 
LOS ANGELES 23, CALIF. 


DR. H. H. HAUSNER, E.E. 
Consulting Engineer 


ELECTRICAL ENGINEERING 


Powder Research 
Metallurgy 


155 Riverside Drive, New York 24, N. Y. 


High-Frequency 
eramics 
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HODGSON & ASSOCIATES 


Physics, Mathematics, Research 
Development and Patent Consultants 
Satisfaction guaranteed or no charge. 


Submit your problem for a free preliminary 
survey. 


Box 874. SHERMAN OAKS California 


JACKSON & MORELAND 
Engineers 


Public Utilities—Industrials 
Railroad Electrification 
Designs and Supervision—Valuations 
Economic and Operating Reports 


BOSTON NEW YORK 


q PROFESSIONAL SERVICES 
over a wide range are offered 
by these cardholders. 


q@ CONSULT THE DIRECTORY 
when in need of specialized en- 
gineering advice. 


R. C. KLEINBERGER 


Licensed Professional Engineer 
ELECTRONIC HEATING 
APPLICATIONS 
20 Cushman Road, White Plains, N. Y. 


FRANK LEDERMANN, E.E. 


Registered Patent Attorney 


154 Nassau Street, New York 7, N. Y. 


Telephone: BEekman 3-2936 


ROBERT E. McCOY 


Consulting Engineer 


Electrical Design and Theory 
DC to UHF 


Rt. 1, Box 367A, Giragtem. Oregon 


Roland R. Miner Lottye E. Miner 
Member AIEE Associate AIEE 


MINER & MINER 


Consulting Engineers 
Design - Development - Investigations 
Valuations 


Experience in the utility, industrial and 
appliance manufacturing fields 
1825 Tenth Avenue Greeley, Colorado 


Z. H. POLACHEK 


Reg. Patent Attorney. 


1234 BROADWAY 
(At 31st St. 
New York 1, N. Y. 


GEORGE E. QUINN CO. 


MANAGEMENT 
CONSULTANTS 


Industrial - Electrical Engineering 
3224 Grand Concourse 
NEW YORK 58, N. Y. 


SANDERSON & PORTER 
ENGINEERS 
AND 
CONSTRUCTORS 


SARGENT & LUNDY 


ENGINEERS 
140 South Dearborn Street 
CHICAGO, ILLINOIS 


WESTCOTT & MAPES INC. 
Architects & Engineers 


Power Plants Public Utilities 
Industrial Plants 
New Haven, Conn. 


THE J. G. WHITE 
Engineering Corporation 
Design—Construction—Reports— 
Appraisals 


80 BROAD STREET NEW YORK 


J. G. WRAY & CO. 


Engineers 


Utilities and Industrial Properties 


Appraisals Constructions Rate Surveys 
Plans Organizations Estimates 
Financial Investigations Management 


231 South La Salle Street, Chicago 
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why dilly engineers preter 
GD pole type capacitors for Fower factor Improvement 


Creepage distance great 
enough to withstand volt- 
ages in excess of minimum 
specified by NEMA standards. 


C-D solderless connectors. 


Positive electrical and me- 
chanical connection. 


Specially-treated, compres- 
sion type seal. 


Heavy duty, conservatively 
rated, wet-process, glazed 
porcelain insulators—less 
breakage hazard, 


Cover is inverted, embossed 
and hermetically sealed. 


Inner terminal cone filled 
and hermetically sealed with 
high dielectric Dykanol. 


Solid terminal stud. 


lead between section and 
terminal stud electrically and 
mechanically secured. 


Discharge resistors will dis- 
charge capacitor within time 
limits specified by NEMA 
standards, 


Mounting brackets of 1%” 
angle,welded to case. Each 
bracket checked for homo- 
geneous weld by torque fest. 


High dielectric insulating 
liner completely protects and 
insulates capacitor sections. 


Heavy gauge, cold rolled, 
welded steel case. 


Finish assures maximum life 
under normal atmospheric 
conditions. Finish also is cor- 
rosion-resistant, 


Each capacitor is subjected 
to a rated voltage test under 
normal operating conditions. 


Power engineers— from Maine 
to Oregon, from Illinois to Texas 
— have discovered that it pays to im- 
prove power-factor with C-D capacitors. 
They’re time-and-weather tested for de- 
pendability under all service conditions. Call 
‘your local C-D representative now, or write 
direct for technical data. Cornell-Dubilier 
Electric Corporation, South Plainfield, New 
Jersey. Four other large plants in New Bed- 
ford, Worcester, and Brookline, Massachu- 
setts; and Providence, Rhode Island. 


VECTOR CHART 


rree! A valuable help for en- 
gineers who wish to determine 
the capacitor kvar required to 
increase power-factor to any 


desired value. Write for it today. | WOpIT’S LARGEST MANUFACTURER OF CAPACITORS 
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CLASSIFIED ADVERTISEMENTS 

RATES: Sixty cents per line; minimum 
charge based on use of five lines; maximum 
space not to exceed thirty-five lines. Copy is 
due on the Ist of the month preceding publi- 
cation date. 


WANTED— ENGINEER, ELECTRICAL OR 
MECHANICAL, to design or develop household 
electric appliances. Man with some experience in 
this field preferred but recent graduates of top cali- 
ber will be considered. This is an opportunity for 
a permanent connection with an established com- 
pany with a 40 year record in development work. 
Address, Box 410, Electrical Engineering, 33 West 
39th Street, New York 18, N. Y. 


WANTED—A LIGHTING ENGINEER to design 
and develop various types of lighting equipment. 
Man with some experience preferred. Will consider 
recent graduate of top caliber. This is opportunity 
for permanent connection with a firm with a record 
in development work for a period of over 40 years. 
Address, Box 411, Electrical Engineering, 33 West 
39th Street, New York 18, N. Y. 


WANTED—FRACTIONAL-HORSEPOWER AIR- 
CRAFT TYPE MOTORS. Interested in buying 
your stocks of geared-head and direct-drive frac- 
tional-horsepower d-c aircraft type motors, partic- 
ularly units manufactured by Black & Decker, Lamb 
Electric, Bodine, Delco, Emerson, and Leece-Neville. 
Indicate make, quantity, specifications, and price. 
Address, Box 412, Electrical Engineering, 33 
West 39th Street, New York 18, N. Y. 


WANTED—Prominent aircraft company, eastern 
United States, needs men with these qualifications. 
Experienced engineers with bachelor’s, master’s, 
doctor’s degrees in electrical engineering, physics, 
mathematics. At least two years’ experience in 
design and development of radar and television 
systems, automatic computers, servomechanisms, 
target seekers, etc., required. Positions open for 
preliminary and detail design, research, and de- 
velopment of guided missiles under Army and Navy 
contracts. Starting salary commensurate with 
experience. Address, Box 4138, Electrical Engi- 
neering, 33 West 39th Street, New York 18, N. Y. 


WANTED—ELECTRICAL TRANSMISSION 
ENGINEER. Experienced graduate engineer, 
capable complete design of high voltage transmis- 
sion lines, including lightning protection, economic 
selection of voltage, conductors and structures, and 
Preparation of estimates of cost, specifications and 
plans for installation. Qualifications and experi- 
ence record should be submitted with letter of 
application. Address, Box 405, Electrical Engi- 
neering, 33 West 39th St., New York 18, N. Y. 


WANTED—TWO Jr. ELECTRICAL ENGI- 
NEERS. Single men preferred. One for Electrical 
Transformer Engineering and one for Laboratory 
and Resistance Welding work to train as Resist- 
ance Welding Engineers. Address, Box 407, 
Electrical Engineering, 33 West 39th St., New 
York 18, N. Y. 


WANTED—ELECTRICAL PROJECT ENGI- 
NEER. One (1) experienced graduate engineer, 
responsible charge electrical engineering and design 
of steam-electric and hydro-electric power plants 
and high voltage substations. Applicants please 
furnish personal data and experience record. 
ae 122, Church St. Station P. O. New York 6, 


WANTED — UNDERGROUND ENGINEER. 
Graduate electrical engineer, with at least eight (8) 
years’ experience in design of underground distri- 
bution and transmission systems. Applicants 
should be capable of selecting most suitable types 
of insulations and coverings for underground cables. 
Experience with underground and submarine cables 
above 33 kv desirable. Please furnish experience 
record and personal data with application. Ad- 
dress, Box 406, Electrical Engineering, 33 West 
39th St., New York 18, N. Y. 


ELECTRICAL ENGINEER, B.S.E.E. 1939,M.A. 
Commerce 1946, age 31, 2 years field sales engi- 
neering, 11/2 years construction, 1 year research, 
21/2 years Navy. Business training and experience 
excellent. Desire location West Coast or Colorado. 
Available January 1, 1947. Address, Box 424, 
Electrical Engineering, 33 West 39th Street, 
New York 18, N.Y. 


ELECTRICAL ENGINEER, 15 years experience 
doing engineering on overhead transmission and 
distribution lines, 11/2 years experience as assistant 
supervisor of overhead line construction depart- 
ment. Would like responsible position with eastern 
utility or industrial company doing engineering on 
overhead lines. Registered E.E. in Ohio. Ad- 
dress, Box 422, Electrical Engineering, 33 West 
39th Street, New York 18, N. Y. 


EXECUTIVE AND ENGINEER, retired reserve 
officer, age 46, with vast experience in the electrical 
contracting business desires position of responsi- 
bility with electrical contracting or engineering 
firm in the Los Angeles area as manager, field 
engineer, superintendent, or similar position. 
Moving from New York to warm climate because 
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Rs Sok ee oe 
of service connected disability. Associate member | 


AIEE. References. Address, Box 426, Electrical 
Engineering, 33 West 39th Street, New York 18, 
N. 


. 


GRADUATE ELECTRICAL ENGINEER, em- 
ployed, 13 years general and electrical engineering 
experience with public utilities and steel mills, 
desires position with small progressive company 
offering promotional opportunities. Conversant 


with purchasing, estimating, specifications, appro- — 


priation requests, cost control, plant costs and 
appraisals. Address, Box 427, Electrical Engi- 
neering, 33 West 39th Street, New York 18, N. Y. 


PROTECTION ENGINEER, broad technical and 
professional background, extensive experience 
utility system protection, planning, operation, 
desires permanent position in executive capacity 
with electrical utility company. Address, Box 397, 
Electrical Engineering, 33 West 39th Street, New 
York 18, N. Y. 


TECHNICAL SERVICE SPECIALIST, Manage- 
ment note—unusual economical service by free 
lance engineer, attractive to new and progressive 
concerns, are offered by engineer with 18 years 
technical service experience in foremost concerns. 
Interests lie in materials, products, tests, develop- 
ments, instruments, measurements, surveys, and 
electrical installations. Headquarters and facilities 
available in a co-operative but confidential labora- 
tory in New York. Will travel. Address, Box 421, 
Electrical Engineering, 33 West 39th Street, New 
York 18, N. Y. 


WANTED—GRADUATE ELECTRICAL ENGI- 
NEER by firm located in North East Ohio. Should 
have 2 to 3 years electrical engineering experience, 
preferably in appliance field. Work would consist of 
laboratory activities including motor development. 
Reply giving age, education, experience, salary 
desired and recent photograph. Address, Box 423, 
Electrical Engineering, 33 West 39th Street, New 
York 18, N. Y. 


ASSOCIATE PROFESSOR and instructor of 
electrical engineering wanted by southern uni- 
versity to begin duties January 1, 1947. Candidates 
for associate professor should have M.S. degree 
and teaching experience. Salary for academic 
year of nine months dependent on qualifications of 
applicant. Address, Box 429, Electrical Engineer- 
ing, 33 West 39th Street, New York 18, N. Y. 


COMPANY specializing in the development of 
electromechanical equipment has a permanent 
supervisory position open for engineer-experience in 
electromechanical development and design. Loca- 
tion: Minneapolis-St. Paul, Minn. Address, 
Box 430, Electrical Engineering, 33 West 39th 
Street, New York 18, N. Y. 


DEVELOPMENT ENGINEER. A large manu- 
facturer of electric and electronic devices has 
openings in New England for electrical engineers 
with 5-10 years experience in development work on 
vacuum tube design, cathode structures, emission 
characteristics, and so forth. Early interviews will 
be granted qualified applicants furnishing full 
particulars regarding age, education, experience, 
and salary requirements. Address, Box 431, Elec- 
Wire BRSIACCBE, 33 West 39th Street, New York 
IN ke 


ELECTRICAL ENGINEER graduate for work in 
chemical plant, northern West Virginia. Ninety 
per cent design, ten per cent field. Subsidiary of 
large, well-established corporation. Address, Box 
432, Electrical Engineering, 33 West 39th Street, 
New York 18, N. Y. 


ELECTRICAL ENGINEER familiar with design 
and manufacture of a-c motors—1/; horsepower, 
Opportunity for young man to engage in new busi- 
ness, Address, Box 433, Electrical Engineering, 
33 West 39th Street, New York 18, N. Y. 


ELECTRICAL ENGINEER. Graduate electrical 
engineer, experienced in economic studies and 
design of overhead and underground distribution 
systems of public utilities, wanted by large con- 
sulting firm located in New York, N. Y. Applicant 
should submit complete information including 
personal data, education, and experience record. 
oa 434, 33 West 39th Street, New York 
TS. WW. Pes, 


LOUDSPEAKER for custom and domestic sound 
installations with performance comparable to large 
theater types now developed through pilot model 
and limited production stages including patent 
protection, needs plant, market development, and 
organization beyond my means. Would consider 
forming, joining, or being joined by existing organi- 
zation or individuals to form team to exploit this 
and other ideas. Communicate directly with Paul 
W. Klipsch, Hope, Arkansas. 


PHYSICISTS AND ELECTRICAL ENGI- 
NEERS. Unusual opportunities in recently 


organized research group for work in broad fields 
of radio, radar, telemetering, servomechanisms, 
and gyroscopes. Excellent openings for experienced 
physicists with good training in fundamentals. 
Please reply, giving experience and education in- 
cluding transcript of college record, to: Engineering 
Personnel Office, NORTH AMERICAN AVIA- 
ante INC., Municipal Airport, Los Angeles 45, 
alif. 


GINEERS =| 
a BR ey 


Several graduate electrical engi- _ 
neers, 30 to 40 years of age, pos- 
sessing supervisory potentiality, 
experienced in the design, lay- 
out, and specification of elec- 
trical equipment for chemical 
manufacturing plants. = 


0g : 
Applicants should be well 
grounded in the fundamentals 
of electrical theory and have a 
working knowledge of practical 
electrical problems. 


Give full experience, education, 
age, present salary and salary 
expected. 

If we request interview in city 
other than your present location, 
transportation expenses will be 
reimbursed. 


All inquiries will be considered 
promptly and kept confidential. 


E.I. du Pont de Nemours & Co. 
INCORPORATED 
Personnel Division 


Wilmington 98, Delaware 


Unusual opportunity for 


ELECTRONICS ENGINEERS 
PHYSICISTS*MATHEMATICIANS 
AERONAUTICAL ENGINEERS 


Excellent positions. . . paying $300 
to $600, depending on experience 
. .. for men with advanced college 
training and development experi- 
ence. Interesting research work 
on Guided Missiles, Pilotless Air- 
craft, Fire Control Systems and 
Electronics Equipment. Unusually 
complete engineering and labora- 
tory equipment. . . millions of dol- 
lars in contracts for research and 
development in the electronics, 
missile and propulsion fields. 


Associate now with America’s fore- 
most aircraft company holding 
nearly one-fifth of all the aircraft 
orders in the nation. 


Aircraft Engineers Also Needed 


Aircraft Engineers with experience in 
design and development of aircraft or 
aircraft equipment needed as Layout 
Draftsmen, Designers, Stress Analysts 
and Aerodynamicists. These are not 
just jobs but well-paid careers with 
big futures, 


Write immediately to: 


Technical Employment Section 


THE GLENN L. MARTIN CO. 
Baltimore 3, Md. 
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_E-257. 


_ lumbia Univ desires employment. 


_ Navy. 


_ Engineering - 
4 Societies 
New York — 
8 West 40th St. 


Chicago 
911 West Wacker Dr. 


In applying for positions advertised by the Service, the 


a applicant agrees, if actually placed in a position through 
- the Service as a result of these advertisements, to pay a 
- placement fee in accordance with the rates as listed by the 


Service. These rates have been established in order to 


Men Available 


GRAD E.E.; age 40; 7 yrs util, 5 yrs constr and 
3 yrs Army exper. Dependable, loyal, sober; 
desires sales pos. Now available. Will travel. 


ELEC ENGR; 12 yrs exper—elec util distr 
system des, indus elec des, operating reports and 
studies, appraisals, pub util management. Excel- 
lent background electronics. Organizational exper. 
Prefers milder climates. E-258. 


RECENT GRAD in elec engg (power) from Co- 
Training in pwr 
transmission, distr, and utilization—familiar with 
pea ottieel components: Served as Ensign U. 8. 


ENGR with record of commercially successful 
creative thinking and invention. Doctor’s degree 
from Cornell in chemistry and physics; 20 yrs exper 
in elec, mech, chem engg. Research, devpmt and 
des. E-260. 


JR ELEC ENGR; B.S. from Tufts College, 
1945; desires pos with electronic or machinery mfg 


. firm. Servedin U.S. Navy for three yrs; 8 months 


with rank of Ensign. E-261. 

ELEC ENGR; B.S.E.E.; 27, single; 5 yrs 
exper in test and devpmt. Desires permanent pos 
with oppor foradvancement. E-262. 


ENGR; B.S. degree in Comm and Pwr; 6 
months experience radar, 18 months point-to-point 
comm; prefers pos in television or other high freq 
work. E-263. 


ELEC ENGR; B.S.E.E.; 31, married; 9 yrs 
exper supervising elec maint, constr, opern. De- 
sires Plant Engr or supervisory pos in small or 
medium sizedindus. E-264. 


ELEC ENGR; B.S.E.E.; 25, single; 4 yrs exper 
in supervising elec des, constr, operating pwr plants, 
substations, transmission and distr systems. Has 
administrative background. Fluent Spanish. Con- 
sider anything with future. Will go anywhere. 
Willtravel. E-265. 


Positions Available 


ASSISTANT PROFESSOR of electrical engi- 
neering, to teach power generation and distribution. 
Salary, about $3,600 per academic year. Location, 
North Dakota. W-7606. 


ELECTRONIC DESIGN ENGINEER, either 
electrical engineering training or a physicist who 
has specialized in electronics. Should have had ex- 


perience in research and development work. Sal- 
ary, $4,000-$6,000 a year. Location, Rhode 
Island. W-7634. 


ELECTRICAL OR MECHANICAL ENGI- 
NEER, 35-45, with design and production experi- 
ence on small transformers, to supervise project 


for fluorescent manufacturer. Salary, $5,000— 
$6,000 a year. Location, Ohio. Interviews, New 
York, N. Y. W-7641. 


PROFESSORS of electrical engineering, Ph. D. 
or D. Sc. degree, 35-45, with considerable experi- 
ence instructing radio engineering, including broad 
experience in use of radio equipment and apparatus; 
some experience with commercial organization as 
design or development engineer on radio equipment 
and with background and training in electro- 
magnetic theory. Location, upstate New York. 
W-7678. 


INSTRUCTOR, electrical graduate, to teach di- 
rect and alternating current theory and machinery 
laboratory, and probably electricity and mag- 
netism. Salary, $3,000 a year. Opportunity to 
teach evenings. Location, Pennsylvania. W-7814. 
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Personnel Service, Inc. 


Detroit 


San Francisco 
100 Farnsworth Ave. 


57 Post St. 


maintain an efficient, non-profit personnel service and are 
available upon request. This also applies to registrants 
whose notices are placed in these columns. 

All replies should be addressed to the key numbers 


indicated and mailed to the New York Office. 


TECHNICAL WRITER, 26-35, electrical 
graduate or equivalent, with three to five years’ 
experience, preferably in instruction, maintenance 
and sales manuals, etc., to prepare for final approval. 
finished copy and layouts covering technical in- 
formation relating to mechanical, electrical, elec- 
tronic and hydraulic devices and equipment. 
Salary, approximately $4,480 a year. Location, 
northern New Jersey. W-7877. 


ELECTRICAL ENGINEERS, graduates, with 
an electronics major, for electro-mechanical de- 
veloping laboratory, to design and develop elec- 
tronic circuits for airborne fire control equipment 
involving servomechanisms, amplifiers and industrial 
application of electron tubes. Must have at least 
four years’ experience in development of fire control 
circuits, radio receiver design or closely allied field. 
Knowledge of stabilization and sighting systems 
with radar control of ranging or gun laying pre- 
ferred. Salary, approximately $4,200 a year. 
Location, New York, N. Y. W-7934. 


PROJECT ENGINEER, electrical graduate, to 
work on sound recording equipment. Should have 
ten years’ experience in development and design 


of audio amplifiers for sound or speech recording | 


equipment. Knowledge of production methods 
on this equipment desirable. Salary, $4,680 a year. 
Location, New York, N. Y. W-7996. 


APPLICATION ENGINEERS, under 35, with 
some experience in vibration control, rubber or 
plastic molding. One to do general sales, one for 
general all-round mechanical, one for electrical 
application, and one for special motor application. 
Salary open. Location, East. W-8015. 


ELECTRONIC INSTRUMENT ENGINEER, 
B. S. degree in a recognized school in electrical 
engineering, preferably with electives in the fields of 
communications or instruments. Must have had 
two to five years’ experience in the development or 
use of electronic instruments. General experience 
in the field of electronic circuit development or ap- 
plication is also desirable. Salary, $3,600 a year. 
Location, Connecticut. W-8045. 


ENGINEERS. (a) Engineering Assistants, 
26-40, electrical graduates, with minimum of four 
years’ engineering experience, preferably in elec- 
trical utility. Work is in conjunction with field 
and office layout and design of transmission and 
distribution system, substations and power plants, 
system planning and protection, estimating, etc. 
Salary open. (b) Cadet Engineer, 21-25, elec- 
trical graduate, for two years training in various 
operating departments of electrical utility leading 
to engineering position in layout and design work 
on transmission and distribution systems. Starting 
salary, $175 a month, increase after six months. 
Location, Delaware. W-8057. 


ELECTRICAL ENGINEER, graduate pre- 
ferred, young, preferably single, for routine work 
in electrical departments of mines, and for operation 


of various hydroelectric power plants. Should 
have had about two years’ experience. Salary. 
$3,300-$3,600 a year on three-year contract 


Location, Bolivia. W-8072. 


DESIGN ENGINEER, electrical graduate, with 
at least five years’ experience in the design and lay 
out of controls and equipment, to design and lay out 
controls, prepare specifications, ete., for chemical 
equipment manufacturer. Salary, $4000-—$6000 a 
year. Location, New York, N. Y. W-8120. 


ENGINEERS. (a) Designers, telephone switch- 
board circuits, for manufacturer of machine switch- 
ing telephone systems. Salary, $4000-$8000 per 
year depending upon experience and other qualifica- 
tions. (b) Telephone Equipment Testers and In 
stallers at rates ranging up to $4000 per year, on 
the hourly wage plan for the most part. Locations, 


Ohio. R-3825. 
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SAVE $5.00 A TURN 
OR DEADEND 
on 000 to 1,500,000 C.M. 
cable with 


Matthews Cable Clamps 


Shows how strair. caused by right 
angle taps can be relieved 


Deadending Two Cables 


Order Number 2 for use on D.C. 
Cable or Number 3 for use on 
A.C. Cable. 

Hundreds of thousands of these 
Clamps have been sold. 

Every order for 000 to 1,500,000 
C.M. Cable should include an or- 
der for Matthews Cable Clamps 
for every corner or deadend. 


Write for Bulletin C. 


Sede 
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W. N. MATTHEWS 


CORPORATION 
ST. LOUIS, U. S. A. 
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the rule rather than the exception in many 
present day motor and generator applications. 


The correct brush for such service guar- 
antees reliability of your equipment and 
insures economy of maintenance. 


Our engineers have the experience nec- 
essary to recommend the exact grade of brush 
N for your equipment and for your particular 
operating conditions. © 


) For information, simply call or write to- 
day without obligation. 


LONG ISLAND CITY 1, NEW YORK - 
SGakiond ad CAT Milos Alger EL CoLpeeainsem igs CARBON BRUSHES 


Tel. Glencourt 5838 Tel. MUtual 3824 Chicago 4, III. 


RECTIFIERS 


OF TOMORROW 


IN DESIGNS OF TODAY 


\ ae RECTIFIERS 


16 FEET 
of High Efficiency Light 


from 100 Watts 


Cold Cathode lighting improves fluorescent lighting to new 
f ; peaks of efficiency. Two 25mm diameter 93” long cold 
¢ Selenium Corporation of America cathode tubes powered by one Acme Electric cold cathode 
meets exacting specifications of modern ballast provide 4600 lumens of light from a source approxe 
electronic developments in manufactur- INSTRUMENT RECTIFIERS imately 16 feet long with the use of only 100 watts. 

ing a broad line of Selenium Power and 
Instrument Rectifiers and Self generating 
Photo-Electric Cells, 


Acme Electric manufactures a complete series of ballasts 
and transformers for cold cathode lighting installations, 


: ; ; Write for bulletin CC-165, 
mproved performance at lower costs 
through ENGINEERED adaptability to all ACME ELECTRIC CORPORATION 


Rectifier applications. 22 Water St Cuba, N. Y 
* e , . ° 


SELENIUM CORPORATION OF AMERICA H&S @ 
fii of RATE RE RS Incorporoted ¢ % (Qe 


1719 WEST PICO BOULEVARD © LOS ANGELES 15, CALIFORNIA 
Ca oe mw as 46-5 


Ae 
Oa 
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CONSTRUCTION AND 
OPERATING FEATURES 


They have an especially de- 
signed, quick-acting, heavy- 
duty contactor. 


High interrupting disconnect 
fuses, hook stick operated. 


Self-contained, seal-off motor 
terminal compartment. 


Centralized self-contained low 
voltage control terminal com- 
partment. 


Magnetic overload relays with 
electric reset, instantaneous 
and inverse time element. 


Self-contained control poten- 
tial transformer. 


Self-contained Tank lowering 
device. 


Insulated Bus, supported on 
porcelain Insulators. 


The simplicity, efficiency, and flexibility of this remotely operated 2300-V 
Control has been made possible by Rowan Engineers after years of con- 
tinuous research and production. It has been designed for Engineers 
whose prime thoughts are safety, continuous operation, minimum in- 
stallation and maintenance cost. These starters are floor mounted— 
arranged for single or group installation—magnetically operated—full 
voltage or reduced voltage type—designed for indoor or outdoor service— 
cubicle construction—complete with in themselves. We'll be glad to 
answer any questions you may have concerning 2300-Volt 
Control. 


Bank of six control units—Insert in circle shown 


close-up of quick-acting, heavy-duty contactor. 
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® Multumite Switchgear houses its breakers in 
separate steel compartments. Each breaker is 
connected to bus through withdrawal arrangement 
of pantograph or truck construction—which permits 
withdrawal without deenergizing the bus. 


Compact power control 


with I-T-E MULTUMITE SWITCHGEAR 


These units control 460V plant operations 
at a new non-ferrous rod rolling mill in 
the mid-west. 


And, they’re completely factory-assembled. 


Diagram shows what’s inside of the two sec- 
tions which, actually, are joined as one. 


Power, from 1500 KVA transformers, leads 
into the bus-tie and sub-main circuit breakers 
in the unit on the right. Then it is distributed 
to plant operations through the feeder 


circuit breakers in the unit on the left. 


Continuity in every one of the mill’s precision 
operations— pumps, compressors, annealing 
furnaces, drawing dies, etc.—is insured 
with one of the elements in the centralized 
power package. 


For complete technical information on ‘‘Mul- 
tumite Switchgear Assemblies’’, send for 
Bulletin 4208, I-T-E Circuit Breaker Co., 
19th & Hamilton Streets, Philadelphia 30, Pa. 


HIGH SPEED CIRCUIT BREAKERS e SWITCHGEAR e BUS STRUCTURES ° 


M U LT U M 


SUBSTATION UNITS ¢ AUTOMATIC RECLOSING CIRCUIT BREAKERS 


Leck s W | 


TL Co He GeeE@ATR 


Conventional 
Design 


CAPACITORS 


ngly 


. \ 0 
aa aN) 
9 % ar smaller / 


ACTUAL SIZE 1 MF, 200 WVDC 


© eres trend to ultra-compact electronic 
designs strides forward with this remarkable, 
new Solar development in truly tiny paper 
capacitors. 


SOLITE* Capacitors, utilizing a unique, revo- 
lutionary self-healing metallized paper construc- 
tion, occupy approximately one-third to one- 
fourth the volume of equivalent conventional 
multi-paper capacitors. There is a similar saving 
in weight. 

A comparison of typical ratings in tubular 
types tells its own story: 


Dimensions in Inches 


% 


"a 
Ya 
™% 


SOLITE* Capacitors are available in both non- 
metallic and metallic housings in standard d-c 
voltage ratings up to 400 volts. SOLITE* Capac- 
itors are also supplied for alternating current 
applications. 


Pilot quantities of SOLITE* Capacitors may 
be had immediately. Solar is prepared to discuss 
delivery schedules of production quantities for 
your use in those specific applications where 
you can take best advantage of this important 
new advance in the capacitor art. 


Full details of SOLITE* Capacitors may be 
obtained on letterhead request from: Solar 
Manufacturing Corporation, 285 Madison 
Avenue, New York 17, N. Y. 


““WHEN SPACE IS TIGHT, 
USE SOLITE" 


JAN 2° 


YT Based on aluminum foil construction. Lead foil capacitors will be still heavier. 


* Trade Mark 


Solite Capacitors are fully protected by U. S. letters patent and patents pending. 


OLAR. 


SOLAR CAPACITORS 
“Quality Above All’ 


